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ABSTRACT

The feasibility of providing cooJa_ to the drill bit, of chip removal aml

of dry diamond rotary _ wu demonstrated.

Based upon the feasibUity demonstrations, continued development and

an established technique of core retrieval without drill string removal, a

lunar d:_ill engineering model was designed to have the capability of drilling

in dry rock to a minimum depth of I00 feet when operated by a space suited

astronaut. The driU system &-"_--component development are discussed. Two

drill systems of this design were fabricated and delivered.

Limited laboratory system testing on basalt rock hac shown that the

system is a workable tool, although further development will b_ necessary.

Recommendations for future development approaches are provided.
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SUMMARY

Prior to the actual design of the engineering model, the objective was to

demonstrate the feasibility of providing coolant to the bi; of the manner of

chip removal and of dry diamond rotary drilling. Thes_ feasibility objectives

were demonstrated.

The objective for the engineering model design was tc develop a suitable

facsimile of a lunar drill proto_pe capable of cutting core samples in dry rock

to a depth of at least I00 feet, and to be able to operate in a high vacuum. The

restraints were:

• Total drill system package limite d to 200 pounds excluding power supply

• Weight of vehicle or shelter, which might be applied to drill operations,

could be approxi.'nately 5000 pounds

• Any gases, liquids, or solids used :_ndrilling operation must be considered

part of the drill system weight

• Power would be limited to a maximum of 5 k\_

• Hole cave-in ,_.asto be prevented for the first 5 feet

• Drill system to be operable by a space-suited astronaut.

Two engineering modelsw_ re Jelivl.rt.d - on,' in a disassembled condition

for component testing by MSFC, NASA. The assembled model was used to

den-onstrate the workability of the system for drilling in dry basalt rock and

to recover cores.

Whereas the engineering mode! drill system did _ot achieve all of the ob-

jectives of the program, significant advances were made toward the goal of

developing a reliable tool for the post-Apollo missions.

s Diamon_ rotary drill bit technology was advanced to tile point where over

lO feet o_ basalt can be drilled with an internally cooled bit, and to where

there i5 evidence that the internal coolant may nc_ be necessary. These

advance._ _ere demonstrated by one or more tests.

x



• Automatic control of *_he drilling factors, once the settings are made.

and an alternate manual control capability.

• Automatic protection circuitry to shutdown the drill system where the

automatic control settings are exceeded and for operator safety. Indica-

tors are provided to indicate the shutdown cause.

• Systems to provide rapid recovery of cores and to remove drilling chips.

• A bit cooling system including a rotary joint which, under vacuum con-

ditions, changes the coolant flow from a straight to a rotary path.

• A multihorsepower dc motor, which will operate under high vacuum con-
dltlnnm.

• A solid lubricated gearbox, which gives promise of operation in a high-

vacuum environment as the result of tests on solid lubricated gears

and bearings

• A met_hod of casing the hole for the first 5 feet to prevent cave in.

• A drill system which is designed to be assembled and operated by an
astronaut under lunar conditions.

The weight objective was not achieved. The use of new engineering materi-

als, the potential results of the recommended engineering studies, and the

potential elimination of some components give promise of meeting the weight

restraint.

The critical hardware components were delivered later in the program than

scheduled and could not be thoroughly tested prior to the drill system tests.

The systetn testing was reduced in scope due to the delay in component delivery,

component failures, long replacement sidelobes, and iunding problems. The

workability of the drill system design was demonstrated to NASA personnel

prior to delivery by dry drilling into basalt and by breaking the core.

The limited laboratory system _esting has indicated that further develop-

ment will be required in the following areas:

• Diamond Bit Design

• Chip Removal

• Gear Box

• Drill String Coupling

• Drill Motor

xi



• Automation Techniques.

The recommended approaches are d/scussed in Section 3.

The drill system test gave indications that it may be possible to drill

without internally cooling the bit. Confirmation of these indications would

permit the elimination of the weight and the failure potential of the bit coolant

structures which include the heat exchanger, rotary joint, valve assembly,

and the complex drill string joints. With the elimination of these components,

the number of _rilling operations could be reduced, other operations be

simplified, and the system made more adaptable to automation techniques.

xii



I. INTRODUCTION

I. I PROGRAM OBJECTIVES

The overall objective of the Lunar Drill Program was to develop a lunar

drill capable of taking lunar surface cores to depths of at least I00 feet and

to examine methods and techniques of extending r2nis concept beyoml |_ _=c_.

The specific objectives of contract number NAg 8-20547 were to demonstrate

feasibility of the Westinghouse concept by performing laboratory feasibility

tests on specific high-priority elements during the first 120 days of the

contract and to develop an engineering model which was a suitable facsimile

of a lunar drill prototype capable of taking core samples in dry rock to a

depth of I00 feet. The work was to be accomplished within the following

restraints :

a. The total weight of the drill including any coolant material, but

excluding the power supply, should not be greater than 200 pounds.

b. The weight of the vehicle or shelte7 which might be applied to the

drill during drillin_ operations was approximately 5,000 pounds mass. Be-

cause of mounting restrictions on the vehicle and the reduced lunar gravity,

the practical limitation for thrust was approximately 400-pound force

c. The maximum power level for the drill should not exceed 5 kW.

The deliverable items on the contract were to be:

a. A set of engineering, shop, and assembly drawings of the engineering

model of the drill.

b.

C.

coupling.

d.

An engineering model of the drill.

One unassembled engineering model with five lengths of rigid

Monthly, quarterly, and final reports.
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I. 2 CONCEPT AND PHILOSOPHY .....

The Westinghouse lunar drill concept is predicated on the design and

development of an adapCation of an operational system, the E..l. Longyear

Wireline Drill. The wireline drill has been in widespread use for 17 years.

Figure I-I shows the engineering model and figure 1-2 shows the mockup

which depicts the major components. The wireline drill system, like con-

ventional drills, consists of a drill-rig, a prime mover, drill rods, a core

barrel and a bit. and employs corventional rotary drilli.-_. The unique ele-

ment, which sets the wireline drill system apart from other drilling systems

and techniques, is the method of core recovery. As the tore is cut, it is

collected in a retractable core barrel whicL, can be li_ted to the surface with-

_u_ withdrawing and dismantling the drill rods and leaves the _it in place.

After a length of core is withdrawn, the same or an alternate retractable

core barrel can be lowered into place inside the drill rod and drilling con-

tinued. This technique permits a large reduc:ion in the operation time of

'h_ drill compared to otl'__r drilling systems and is a very desirable feature

considering the high rnan-!_ur cost on the moon and the short sta_-tin-_es sched-

._lcd.

The comparatively few and simple operational steps necessary to obtain

:_ _ ore should result iv a highly reliable dril._ing ope,ation. ]'his has been

=,:-::,onstrattd over the perio6 of yeals on earth and highly desirable for lunar

dril._;.ng operations when a man is hampered by a space suit elAvironrnent. A

special casing is drilled in for the first 5 feet to coliar the hole to prevent

surface and immediate subsurface cave-in. The _rill sizing itself serves as

tht- casing for the Lole below the top-of-the hole casing

This system has been adapted to operate in the lunar environment by

:)r_vldln_ a sealed dc motor for vacuum operation, and solid metallic base

r;, an_s for bearings and gears. The use of lightweight const_'uction is a

, _r_:r.,;a'lon of 1he weight modification program ",ha'. has already resulted in

1-2



Figure I-I. Lunar Drill Engineering Model
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the development bF the g.J. Long_._¥ Of a helicopter transportable

drill unit for use in remote-areas of the U. S,A,. Canada. and India.

A preliminary analysis shows that a 100-foot hole will take approxim:ttely

40 hours to install, drill, and collect samples in dry rock using the _ireline

techniques.

No problems of a nature which would make a lunar drill unfeasible have

come to light during the Westinghouse studies of the lunar drilling problem.

The major engineering problems, to which the development program was

addressed were bit design, chip removal, bit temperature control and heat

removal in the absence of naturally available cooling fluids such as would

be enco_.ntered in the luna r en,-ironment.

In the design of the Westinghouse drill, the limitations of the space-suited

astronaut was one of the major tradeof: areas considered. As demonstrated

by the problems encount_'mini astro-au-ts_'d'_rin2"extra_-_eh_cular

actD.-ity, it is e_'ident that a maximu:n degree of automation should be pro-

vided to lighten the astronaut workload. However° according to the NASA

specification, the overa_.l drill system weight was to be limited to 20( pounds.

Thus, a compromise v-as struck bet_veen a,._tomation and the resultan_ l_izhten-

ing of IF.e astronaut xvorkload or. one hand ar.d x_-eight sax'in_: r_r. the oilier.

Wesl:nehouse believed thai xt was more zmportan1 during th:_ dexelc.p::_ent

to dernonslrate :h_ feas:b'lity o._ :he oxcrall ap,_roacl-, that. _o desigr, m:_xtm-._.,_.

automation into the equipmer., at the expense of lime. weight, and additional

funds. Thus. automatic control and protection devices have beet_ trade a

part of the system, but full automation could not be incorporated.

Due to the limi*,ed time and funds available for the development of the

engineering model and the many areas in which significant research and

development were necessary, it was not possible to carry out an extensive

component and subsystem development testing program. "lhe results of

pre,_ious programs in sucl-, areas as drillir, g. solid lubricants, and sealed

motors for vacuum application were drawn upon heavtly as background tor
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the engineeris_ model. Background obtained from these programs and experi-

ences imiicated a high probability of success in these development areas.

The one area in which little or no previous experience was available was

that of dry {no coolant or lubricant external to the bit) diamond drilling. As

a result, this mabject received considerable attention. To date. it has been

demonstrated that a dry diamond bit can drill to depths in excess of I0 feet

in a dry rock. As will be discussed in some detail later in this report, there

__,'e =_ _,,mh,,r _q improvements which can be made to the present bit design

which should greatly increase its life.

From the overall systems ,-i,_wpoint. the decision, not to enter into an

extensive research program but to e>-trapolate the results of other programs

to the _rtic,,_!ar problems to be encountered in the lunar drill, resulted in

subsystem and corn _onent failure during the systems test. Some failures were

related to qua/ity control problems rather than the design. The failures.

the resulting engineering changes, and the diffic_.,Ities with fundintz caused

the completion of the program to be extended be'-ond the expected contract

end date of July 29. 1966.

1.3 PROGRAM EVOLUTION

Westinghouse was required to demc_nstra_c the feasibility of certain priority

requirements during the first 120 days of the contrac',. Speciflcallv. these

priority requirements were"

To demonstrate the mechanical _rran_emen" to providt- coolant toao

the bit.

b.

C.

To demonstrate the manner of chip remo_-al.

To demonstrate feasibility of the rotary dry diamond bit c.riUing.

These feasibility demonstrations were completed as of I0 December I_5.

On 13 3anuary I%6. conditional approval for the contt:;uation of the contract

work was received from the contracting officer. As a part of this approval.

it was stated that "... with rn,,Jch research and development (the rotary con-

cept) is a possible tool for _,_nar s'_bs_rface dril',in_. More realistic tests of

the bit operation and life _.me sho._ld be carried out during the continuing.

development work. "' l-6



Westinghouse fully appreciated the necessity for additional research and

development and complied with the spirit of the contracting officer's recom-

mendation within the limitations of time and funds imposed by the contract.

Upon completion of the feasibility tests and receipt of the contracting officer's

approval to continue work, firm arrangements were made within Westinghouse

and with the subcontractor, E. $. Longyear Cornp&ny, to develop the neces-

sary hardware for the lunar drill system. Delivery of sufficient numbers of

subsystems to assemble the system and start systems testing was accom-

plished during July. In the period from July to 2 December 1966, iterative

testing, modification, and upgrading of the system were undertaker, and drill

system operation was demonstrated successfully.

!. 4 SYSTEM DESCR!I:rr_!ON

Figure I-I shows the assembled engineering model of the lunar drill

mounted in the laboratory. It will be mounted in a similar fashion to an AES

payload such as the lunar module.

The drill frame, sealed motor, gearbox, ball screws, and chuck form an

assembly which folds for transport. A2uMinurn was used wherever possible

for weight reduction. The sealed motor has a closed Ioopcooling system con-

sisting of hoses, external pump, and a heat exchanger. For long term field

testing, _n air-cooled motor is supplied and apl_ars in the ilh2stration.

The gearbox has a neutral position and _,,r_rotat:or, al speeds for driving

the drill string. In addition, it supplies power for a hoist and for vertical

movement of the drill carriage. Two Lack-to-b_ck hysteresis clutches con-

trol these hoist and feed movement8 when quitably energized by the controls

and with the hoist or feed gear arrangement set it: the .;ppropriate position.

The drill string is connected by a chuck to the bull gear The 100-foot

drill string consists of 5-foot lengths of drill rods and auger-flighted core

c_arrels and a bit. When the core barrels ordv are used for the first I0 feet of

drLlling, a core barrel-chuck adapter is enapl_yed. The auger flights on the

core barrels are designed to lift the drill:r,_ ch:ps to a max_rr.urn height of 15

feet _here they are moved inside of the core barrel assembly

1-7
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i The bit has ass internal manifold which pew_m/ts coolsmt to re tfrom the bit crown. The bit crown cont_inf dimmonds laid out in a _ow plow

design which moves the chips to the outer diameter where they enter_be

auger flight systeax. The d_monds are oriented so that the hard vectors

are positioaed in the direction of cutting to reduce diamond wear.

The bit cool•mr system is • dosed loop consisting of • r•diator. • waiving

system for preventing coolant loss durin 8 drill string additions, hoses. •

ro__r_ _olnt fnr transferrir_ coolant to and from the rotatir_ drill string,

passages in the chuck. •dapter. drill rods. core barrels and bit Special

seals and couplings are pro_-ided to prevent coolant ioas.

Bit temperature is sensed by a thermistor embedded _n the bit matrix

The power to and the signal from the thermistor is passed by signal leads i

through contacts at every drill string joint to the rotary joint An appropr2tte

signaJ bridge and rotary transformer passes the signal to the comrol ir_ica:or

via the signal conditioner circuit.

The core reco,_ery sys:em is built around the wzrelir, e :echnique wh;ch

eli_v_ina'es the requiremen_ ._or remov_r,g the dr"' ,_, s:r-n_ 1o recover the core.

An inner core barrel - chi= basket as,_, -:_'.vis pos_,:oned in:err.a' :o "he outer

core barrel assembly. As :he drll _.strir,g advancts, 'he inner core barrel

assembly slides do-an over the core and 'he chip bas,,e', rece:ves :he ck::,s

frc,r, the auger flif.ht s','s'em or. ,,he ex'cr:or o,_ :he o-:er c_r(- r_arrc _. When

the S-foot core is produced, :ke drill s;ring is ra'.sed I "o 2 inckes. A core

lifter, based on the chanesc ilnger pr=nc_ple, qu:cKly grabs the core. and the

upmrard pull of the drill string breaks the core. The hoist is employed to

drop the ovmrshot, a mechanism wh:ch locks to ",he inner core barrel assembly.

dov,'n the drill string annulus. The ho:st pulls the inner core barrel to the

surface where the chips and core car. be removed.

The control and protect:c,n unit recez:-es bit temperature, thr_:st, feed

.--ate, axial, hr-...it, gear p:s:t.or, and support str'_cture v;b.-at_on s:gnals to

maznta:n autorrmtzc cc_r::r:_ c:" :r,e dr:_.:_.f cperataor, and tc prov:de protect:_n

1-8



against damage. Visual fault and operating conch_on _nchca_ons are pro-

vided by indicator lamps. Manual control is also pro,-ided. A remote con-

trol. when energized, can control the drill up to I00 fee_ fr:_m the dril', _ite.

A motor sta:'ter is pro,'ided to limit motor _wer inpu, to the gearbox, and

• signal conditiomer is ut_ized to convert t]_e sensor signals to an appropri_.',e

form for contro] opera'_ion.

The sealed motor requires a filtered lO0 V dc p_er supply and a l l._ V

ac 60 Hz power supply for the external p_amp. The air-cooled me:or requires

a Z8 V dc power supply.

T_'_e controls req',_re _ -".]:ere_ 28 ¥ t_c po_ver s'_p;-,'.y.

The ms'or corrapone_xs and tot;,] weights of xhe e_xr_eerir.g r_ode _. _re

l'stec it, tab:e 2-_.



2. TECHNICAL DISCUSSION

2.1 DRILL BIT DESIGN AND CUTTING REMOVAL

Z. 1.1 General Background

Bits designed for earth use are normally of the following types:

• Carbide bit

• RoUer bit

• Diamond bit

Carbide bits are used for rotary, percussion, and rotary percussion drilling

of rocks, Because it has a high compressive streng_, carbide bits find wide

use in percussi0n-type drilling.

Although carbide has a compressive strength of the same order of magnitude

as diamond, it does not compare favorably with diamond for hardness, As a

result, diamond drills are preferred for rotary drilling in igneous rock

Rolling cutter rock bits have cutters, roughly conical in shape, assembled

on bearings attached to the bit body. With a thrust load on the bit, the cutters

break up the rock into chips as they are forced to roll on the bottom of the hole

whet, the drill stern is rotated.

Several varieties of roller bits which can successfully drill a variety of

rock types are commercially available. However, the roller bit is not con-

sidered for use in the l,_nar drill sys*am for the following reasons:

• Heavy thruct levels are required.

s The hole to core size efficiency is poor.

Core recovery in hard, broken rock, or rubble is poor.

The diamond bit is generali_, cylindrical in shape and set with diamonds in

the area that cuts th6 bottom of the hole and gage. In commercial bit patterns

of diamond setting, diamond size and number, head shape, and water courses
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are determined by the kind of formation to be dr_Ued. Generally, larger and

fewer diamonds are used in bits drilling in soft formations and smaller and

greater numbers of diamonds are used in hard formaticns. Since soft forr_..a-

tions tend to build up on the bit matrix, larger diamonds are used on the soft

formations.

Diamond bits provide the capability to drill through any known earth materi-

al and are also expected to be capable of drilling through the lunar material.

- ig "
m.o_ ALne des n of a _.iv,,_ '-;" L_., • .a .^ .k.i.,.,=,. ¢,_,-,_=_inns and environ-

ment will be vitally important to the success of core drilling mission. Some

of the aspects of diamond bit design that wiLl require attention are covered

in subsequent paragraphs.

a. Diamond Loading

As the bit rotates, the diamond velocity and penetration rate per inch of

travel varies as the distance of the diamond from the center line or axis of

rotation. Each diamond should have definite penetration rates aru each

diamond should be stress-analyzed so that it would be at a safe working level.

Safe load limits for diamonds have been determined with resI_ct to size, shape

and grade.

b. Matrix Material

The hard sintered metal that holds the diamond in the bit is called a matrix.

Most North American manufacturers of surface set diamond bits now use a

matrix of sintered powdered metal. The matrix hardness classification has

three general divisions: standard (about 30 Rockwell C), hard (about 40 Rock-

well C), and extra hard (about 50-60 Rockwell C). Careful consideration of

the formation to be drilled determines the hardness of the matrix to be used.

c. Friction of a Diamond

The coefficient of friction for the diamond decreases as a function of load.

Thus, by proper thrust loading of the bit, the coefficient of friction can be

reduced appreciabl" I. In the earth environment, for example, proper loading
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reduces the friction coefficient as much as threefold. At the same ti,_ne,

inadeq',txte loading of the diamonds reduces the life and performance of the

bit by what drillers refer to as '_olishing or burnishing the bit. "

Another method of substa_y reducing the coeffic.;ent of friction is to

introduce a gas or atmosplmre that will contaminate the surfaces of the

diamond by formin 8 a friction-reducing surface layer. Hydrogen does not

have the •bility to form • satisfactory layer as shown by Bowden but oxygen

-_ ........... h_.,, _s,,, ,-_hilitv nf formina the necessarv surface film.

-I0
Bowden • and cowork_rs have shown that in a vacuum of I0 Torr. the

coefficient of friction of diamond sliding on diamond is of the order of 0. 9 to

1 (figure 2-I).

d. Dia_-nond Orientation

It is necessary to mount the diamond crystal in the bit so that the hardest

portion of the diamond is presented to the direction of work. Long** reports

that the setting of the hard vector orientation in high grade diamonds in a

bit crown appreciably increases the drilling performance and life of the bit.

e. Diamond Size and Set

When the diaxnor, d is cast in the matrix so that a portion of the diamond

protrudes from the matrix, it is called a surface set bit. The size of the

diamonds normally used for surface set core bits ranges from 8/carat to

60/carat.

An impregnated bit is one in which the diamond particles are dispersed

uniformly throughout a relatively soft matrix. During the _peration of the

drill, the abrasion of the rock chips continL_aLly wears away the softer matrix,

exposing fresh diamonds. An impregnated bit is generally considered to be

less efficient for core drilling than a surface bit.

• Dr. F.P. Bowden, Function and Wear of Diamond in High Vacuum,

Cavendish Laboratory, Cambridge. England.

• * Long, Dr. Albert ]_. and C.B. Stawson, Report of Investigation 4853;
Diamond Orientation in Diamond Bits. Bureau of Mines.
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Figure 2-I. Equilibrium Value of Diamond Friction as a Function
of Gas Pressure

2. 1.2 Bit Development and Chip Removal

As noted in the introduction, rotary dry diamond drilling and chip removal

were two of the priority areas for which feasibility was to be demonstrated

during the |irst 120 days of the contract. Consequently. effort was immediately

initiated on these areas and because of their fundamental importance has

continued at a high level throughout the program.

Since there was no published record of a successfcl atteml_t to drill with

a dry rotary di_.rnond drill, it w_s necessary to initially evaluate the problems

that exist with colnmercial drilllng equipment and then to design a develop-

ment program based on the state-of-the-art knowledge. Because of the

urgency of the program, i_ was decided to initiate immediately both an

er_pirical and an analytical program.
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Commercial experience has shown that prompt chip removal from the

cutting •re• is critical, since the bit binds and overheats if_ is not accom-

plished. An analytical effort was undertaken at Westinghouse as weLl •s at

&rthur D. Little. Inc. to determine theoretically the cutting mechanisms

involved, the fr•ctimt d tim heat remaining in the rock. the amount that ,.w_d

_e carried away as chips, and tim amount that is transmitted to the bit.

SimuLtaneously. eznldrical efforts were initiated to determine the feasibility

of drilling dry tt chips cou_i be romove_, i_: _.=_@, _f ..,.s_.._._.,. ,= c-_::'7

cl_ips up and out of the hole. and the optimum design of the diamond bits to

assist in the removal of the diips and to prolong the bit life.

2. 1.2. 1 Bit Development

By 1 December 1965. the feasibilaty of dry diamond drilling _n ultra-high

vacuum<had been_demonltra_d by drilling approximately 6 inches intg:_a_ ._.._

basalt rock. The drLUing was intermittent, a/lowing the bit to cool after

ever T 30 seconds of drilling. Clhip removal was excellent and no bit damage

re s _tlted.

Following the demonstration of feasibility, the b,t tests continued with

ca re! ull_" inst rtwnented tests which allowed the deterrnination of matrix tem-

perature, rprn. thrust, torque, penetration rate. and calorimetric measure-

ments on specially const-ucted bits. Continued stud_" of ",he problems of

dia_ond setting resulted in • general improvement in diamond bit oesign.

In June of 1966. • water-cooled bit.which incorporated cubic gage stones

and oriented octahedral face stones.driLled }23 inch_s in basalt. Because of

limitations of the test dr_.Ll system used. the max_rnurn length of each stroke

was approximately S inches. It is b_lllved tl_t, if the bit could have been

allowed to cttt continuously, the total length drilled would have been will in

excess of that accomplished. Bits of this general design were delivered as

a part of the drill system. Figures 2-2 and 2-3 show one oI ,he blts built

to thi_ specification.
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In the course of tl_ ezperimentaLi effort described briefly above. 34 diamond

bits were manufactured and tested. Tabla Z°l is • summary of the tests run

and the results obtalnmL The details of these tests are presented in Appendix

A.

The am•INStal effort that paral_led the exrerimental work just d/scussed

drew heavily on the experimental results for guidance and verification. It

c_,, _ ,ktv,_ on the basis of this work that approximately 80 percent of the

total heat generated in drilling resides in the chips. Part of the residual heat

remains in the rock and only a small portion of it is actu_xLly transmitted to

the bit. It then follows that, i/the chips can b¢ quickly removed from the cut-

ting area. the bit cooling required wiU be minimized. This analysis has led

to the conclusion that, il the chips can be removed.there is a reasonable

possibility that dry drilling can be accomplished with no bit cooling.

Tests run during the drill systems tests have verified tentatively the v_lidit_-

of this analysis. During these tests, one drill bit was used to drill dry into

basalt. No internal coolant was used and drillin_ progressed normally to

22 inches where the bit failed mechanicaLly (figure 2-4). Inspection of the bit

showed only minor chipping of the face diamonds and normal wear on the re-

re•indef. The crown mechanical failure occureG due to the seizing, of the bit

a,_ a result of a chip binding problem.

2, I. 2.2 Chip Removal

The problem of chip removal is closely associated _'ith drill bit ciesign.

Early bit tests relied or. centrifugal force for chip removal The feasibility

of lifting chips out of the hole with auger flights was demonstrated as one of

the priority items during the initial 120 days of the contract.

The chip removal problem is a two-fold one. It is, first, necessary to

move the chips outward away from the drill bit toward the side of the hole

and then to llft the chips to the top of the hole or to a point that they can be

deposited into a chip basket. The former problem is a function of bit design

and the latter is a function oi the auger flisht desi@n.

2-S



I-
cn
e..,

II I

lil 
:&

i,

IS
LX

=,,

i

£

I.

a
=
m

z

< .< < <

• • _ qP lib

i;., ; o ,,== = " - ". ;

o"=_ _ O"
,... ,. E_'_ =_ _'_ _:

_=-_._.=.. : - u=_ :..== ..,, _.- _

=,-,=.,E=,=,._ =

.zq



_ °

i "• II II .,,, .

lm

.o . ,_ ., . ... : o ._
: -_- : "_ -._ .... .



I

ot
t
,,q ,_

• 0 • _ •

E E =



o

r

r'

I_ 0..

u

_u

u_

! | I

I ! I I I

U U

_°- _a. u
.:.__._ _-:_i_ •

qP

-,_ E

0

_ _ ._..__

U

=',s .='

z
'%I

E E

z.,

"_ _ 0

O"

E

I

U

E

O"

I

E E

I I I

I,. I-

U U _.

m _ a
U U

E E E

_" _ I',,,-

Ilz- lo- ._





As illustrated in flsure A-17 of Appendix A, the bit face has been designed

so that the diamonds cpiral toward the outer edge of the bit to 8ive • "snow

plow" action, l'ive channels are also desisned into the bit to allow more

freedom of movement of the chips to the outside.

Extensive auger _kdt tests at • number of rotational speeds indicated that

at the drill speed of I000 rpm a 40-desree pitch was more efficient than more

shallow pitches. However, some evidence has shown that • tendency toward

chip bindin S is increased with the hIsher pitches and a cuss_proi_:i_ _f -" ._5

degree pitch was selected.

The orisinal drill concept called for the capability of takin S 5-foot cores.

Density measurements on basalt chips indicated that the volume of chips

obtained is approximately twice that of the core. The chip volume to core

relationship dictated the desisn of a :5-foot core barrel and auger night

assembly. Five feet of the inner core barrel portion of the assembly would

hold the core and 10-foot chip basket would retain the chips. Laboratory chip

removal tests, using a plastic tube and simulated chios {Portland cement

powder) showed that the •user flight was capable of lifting chips at least ?

feet. A marsinal capability of depositing the chips in a chip basket was also

demonstrated. A 15-foot chip lifting test was planned, but time and funds did

not _llow it to be carried out.

Z. I. 3 Results and Conclusions

The bits delivered as a part of the contract are constructed as shown in

figures Z-Z and 2-3. The face diamonds are oriented octahedron crystal struc-

_.ure, exposed approximately 0. 010 inch above the matrix and imbedded well

past the midpoint of the crystal . The ID and OD sage stones are combination

octahedron and dodecahedron crystal structures. The ori£inal design called

for cubic diamonds in the sase positions. However, due to a shortage of

cubic stones, the dodecahedron and octahedron crystals were substituted.

Drillin S tests run with bits of this design indicate that in steady drilling, the
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life time should be a minimum of l0 feet. Repeated stopping and starting will

almost certainly shorten the life time as the result of the diamond burnishing

during feathering and the increased danger of breMcing diamonds. For better

bit life. the initial collarin 8 of the rock surface should be done with a bit

other than that used for drilling the hole.

The chip removal design of the bits and the auger flight is felt to be margin-

ally satisfactory. The chip removal tests are promising. In actual drilling.

k ,A _ ._.,db tr,.... "- _ - 2_oa1._rn..1"atlon was experienced at depths of 22

inches. The ability to deposit chips in a chip basket 15 feet above the cutting

surface has not been satisfactorily demonstrated. The system delivered

utilizes the "snow plow" and chip passage design shown in figures 2-2 and 2-3

and five 3S-degree auger _ights on the sides of the bit and the core barrel.

Tn summary, diamond bit and core barrel auger flight designs show

promise, but are not at this time considered suitable for a practical lunar

drill design. Bit life time of up to IZ3 inches in basalt has been demonstrated

with a bit design of this type. Auger flight efficiency has been demonstrated

in loose chips up to c) feet with marginal ability to place the chips in a chip

ba._ket.
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2. !. 4 Development Recommendations

It is recommended that a broad program be initiated in the immediate

future to improve the bit cutting and chip removal techniques. Basic research

into the mechanism by which diamonds cut should be accomplished. I. study

should be made of wear rates and wear mechanisms under a variety of

conditions. At the present time. knowledge cg these areas is almost pure

speculation since very limited work has bee, done in these areas and much

that has been done is not published tn the open iiteratur_.

In parallel with the diamond research effort, a well balanced analytical

and experimental program should be initiated to study chip removal techniques

and the design of bits to take maximum advantage of theoretical information

already _vailable or that which will be developed under the diamond research

program. For example, more exhaustiveauger flight tests should be run

to more clearly maximize a,tger flight angles, depth of the auger flights,

clearance between the OD of the core barrel and the hole, etc. It is believed

that an immediate improvement in bit life could be _ccomplished by utilizing

properly set cubic gage stones and octahedron face stones set to cut along

the 'hard vector".

The question of diamond loading should also be investigated. Current

commercial suppliers use a rule of thumb of 4 pound's per diamond. No

satisfactory data has been found to indicate that this is an optimum figure,

and if the variations in size, setting, and contact area of the stones in

commercial bits are considered, it is clearly at best a questionable figure.

The number of diamonds making contact at any one time is highly questionable

in commercial bits because of relatively large variations in the matrix

elevations as well as in the diamond protrusion above the matrix. If bits

using selected and carefully set diamonds were developed, meaningful tests

could be conducted to determine the proper loading to extend life time.

Concurrent with the above discussed studies, s_:eps should be taken to

improve the quality co atrol practices of potential diamond bit suppliers.
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Since diamond bit fabrication is an art rather than a science, steps must be

taken to make the procedure mo-,_, rigorous and methodical so that reproducible

bits can be fabricated. Methods of determining logical tolerances and then

monitoring them should be developed in conjunction and cooperation with the

bit manufacturers. This is necessarily an educational process whereby the

manufacturers must be made aware of tL-. special problems facing the lunar

drill in order to gain their cooperation.

2.2. I Core Barrel Desii[n

The core barrel is made up of two sections, an inner and outer core

barrel; the outer core barrel drives the bit and removes the chips, the inner

core barrel retains the core and the chips so that they can be brought to the

surface. The outer core barrel is made_J_p of three mating 5-foot sections

as discussed in paragraph 2. I. Auger flights are ground on the outside of

these sections for the purpose of lifting the chips from the drilling area to the

top of the core barrel and the chip basket. These sections, which are

constructed of stee _. and chromium finished on the outside, are designed to

give sufficient rigidity to insure a stralght hole and reduce bit run-out to

an accel,_table level. The chromium plating serves to increase wearability,.

The outer core barrels are made up of two tubes which are pressed together

duri1:g final assembly; the outer tu_e carries the auger flights discussed above

and the inner provides passageways for instrumentation leads and for the

coolant water and stearr, of the bit thermal control system. The coolant and

instrurr, entation passages mate with corresponding pa_,_ases in the bit and the

drill rods to allow continuity from the bit to the top of tl:e drill string.

"ihe three 5-foot sections of outer core barre] are designed to mate with

th;eaded male and female joints. The threads are cut in a precision manner

to insure that when the threads are tight the auger flights are smooth and

continuous between connecting sections. O-ring and basket seals are used to

prevent leakage and electrical contact is maintained by pressing the mating
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connectors together. Alignment of the electrical contacts and the thermal

control passages is assured by the precision mechanical threads.

The inner core barrel and chip basket assembly are designed to lock into

place inside the lower outer core barrel section and is used to retain and

recover the core and the chips. As noted in paragraph Z. I. the density of t_e
Q

chips is such that the volume of chips generated in cutting a core is approxi-

mately twice that of the core. The inner core barrel assembly is then

_ixvsdc,_ ..... s_..... _. ...... h,,-_,,! '; f,,pt lono and two S-foot len2ths of

chip basket. Openings in the upper outer core barrel section allow the chips

that have been augered to the top of the core barrel to enter the chip basket•

The lower end of the inner core barrel is provided with a mechanism

which grasps the core as it .s _,u,,_d upward. Wh-,, thp reduced cutting rate

of the drill activates the '_pull core" signal, the drill is stopped automatically.

As the entire drill string is raised slightly, the core lifter, in the inner core

barrel, grasps the core and breaks it free at the core-rock interface.

As discussed in the introduction, the entire drill string need not be

removed to recover a core. Inner core barrel recovery is accomplished by

dropping a "wireline" with a magnetic overshot attached do_ the drill

strin_ the magnetic overshot engages the top of the chip basket. As an

upward force is exerted, the inner core barrel assembly is unlocked and

drav:n up the inside of the drill string. The replacement inner core barrel

is lowered in the same manner and locked into place. Figure 2-5 is a sketch

of the core lifter in place it. the bit and around the core. Figure 2-6 shows

an inner core barrel with a core in it and a core which has been removed.

Z. 2. Z Drill Rod Desil[n

The drill rods are made of S-foot lengths of extruded 6q_l T-3 alumi:_um.

Each rod has four holes for coolant passages _on¢ liqui0, 3 steanl) and four

channels for instrumentation. The coolant pa_sage_ mate positiv,-ly _th rna'e

and female fittings. The rod sections are j_ined by arJ external co aFling

which utilizes guides and a segmented thread couplinM much like t, reech _l._ck
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Figure Z-6. Inner Core Barrel and Core

locking mechanism. The contacts and coolant passages are mated and the

coupling is given a partial turn firmly connecting the rods. The coolant

passages rely on O-ring seals and the electrical contacts rely on mechanical

pressure as in the core barrels. Figure 2-'/ shows the end view of two drill

rods and the coupling provisions.

2.2.3 Chuck Design

The chuck provides the interface between the drill rods, _he gear box, _nd

the rotary join*.. Coolant and electric_l signals are passed through the rotary

joint into the chuck. The chuck mates with the gear box bull gear through

a splined connection and connects to the drill rods in the same manner that

the drill rods are connected together. An adapter is provided to allow the

chuck to be used with the core barrels for the first I0 feet of drilling. Figure

1_-8 shows the chuck.
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Fieure 2-7: Drill Rod Coul_l_ng
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Figure 2-8. Chuck
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2.2.4 Development Recommendations

2.2.4. 1 Core Ba:rel

The outer _ ore barrel fabrication method has resulled in seriou_ _ problem:

an the final Froducl. All core barrels that have been delivered 1c, dale have

been crooked, out of round, and oversize. The present design of the ouler

core barrel incorporates two cylinders. The OD of the oate: cylinder has lhe

auger flights g_-ound into it and the inner cylinder OD has the wa,_er, steam,

and electrical lead pa.-sages mtlleO into 1t a/i/_er the nia, hi**i,q_ is " .... _-"'_

to close tt_lt-,'ali, t-, lht 1_o cylinders are n_a_ed b_ :hrink fittin_ technique:

and wceldlng. !k_an_i:a_luring devvlopment i: re_ omn_ended to allo_ a hi,he,-

quality fabricalioi: lt.chniqut, to be t.mployed.

The inner c _,rl. barrll core. _raspln_ nnechanl:n: (cc.rc ii:'er) ha: [,vt.n

den-t_s-l.r.s*.lvd ._u_ L t-_:_.ll\ fronz lht' _ ore i2ra:piea_ vl_-wpoin:. :Th_.rv is :on_

tendency f,r l|.t L < r_ '.,> t,rvak, no,', al '.h_- poi:-d of _.ra:p_ng, b_a: al the to, k-

core intvrla_ t, }ix_ri_ r_,ik bt.yond, lhe d_an_e_t.r t,'.-tit < _,rr n-_a\ L o::_t _ al_,n£

_'ith il, a_d t]-,t, _rt. v,;]] vio_ Da._s- _-.r_,_,_!. 'l't<,, _ _ rt I::'_( ". rt _C.;, "_}.t, irt

therefore ¢al.ii. t b, rc,':...xcd fro,n: the* ]:ftt. r _t-_ ::..r. _.',!...: br,..:i,.:_, ._._:

lh(* exlr.h ;li,_lt T]i_i .?. rl t Xall-il:,olit,:, t : Ii.l_ c;t >]l_. _ il :,t I', c.._rl _; _. f_l.ll T-

The' E..l. Lon<vt':ir wirtli_< conc, p: ;,r< ,;d, _ :.>: J: .... _,! .' ,;i<t. l<,cTs

o%el- a spt-arht.ad _tiao._l" ba:t. l._ attacht-d tiiro,.ll! a lalc:;i:;_: dvvltt, to the.

inner curt. barrel a:.,_.,:.bly, qh'.' lore, _!.,,:. ::."_::_: ILl ,.t-r:'_< '1 ,]:_::.u

over the :pcarheac l: suppiied b)' the kint-lic en¢.rt:y _,: lowt'=inu the' over:hot

and the weighl of 11 • over:hol. After th,. i_:nt r curt. barrel a.,-vrnblv is

emptied, it i: return,,d to it: ,,peralin_ p¢,sillon. A :pt.cla) :lvve i: u:ed on

th_ overshol for thi.- operation _,'hich force: the clar,-,p oper, when the _x'eight oI the

inner curt' barrel on the: clan,p l.- r_'livv_.d b) it._ r_act-nn._ it: operating po:ition.

The over:hot lht>n cal. bl. _lthdra_n. Iit. cognlzin_2 that the reduced gravity on

the moon would re.tit.i:,. _ !._.rKt'r I:.a:. _ I.._ p_-rlc, rn :_,_. -'._n.t' cla::.pin._ action

a new ox',.rshol t :'..;,l_,\ li;_ I:.,_£:_,.'_ v. as c]t'silll_, d I. ._.ver. \,.ei_'}', l 1., a r; iF, it: _.:..
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(figure 2-9). The principle of operation was to use the maximum force eserted

by the magnets to lift the full core barrel assembly and to use a lesser force,

created by introducing an air gap, to lower the inncer core barrel from the

lower outer core barrel. The overFhot was designed to have a maximum

85-pound pull for raising the full inner core barrel assembly and a 20-pound

pull for lowering the empty core barrel and releasing the overshot_ The

dimensional restraints imposed by the drill string annulus and the degl-_e of

effectiveness of the available magnets resulted in a maximum 60-pound and a

minimum 14-pound pull• Although a 60-pound pull is entirely adequate to ii/t

the 28-pound weight of a loaded inner core barrel, it was not sufficient to

pull the core barrel free of the effect of wedging of the inner core barrel

during core break.

It is recommended that the overshot be redesigned to a form similar to

the Longyear comrrrercia1_fl_Si_n for a_oice positive core recovery despite

the weight penalty.

Figure 2-9. Overshot

@466A - I_-I t
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Z.2.4.2 Drill Rod

The presently available drill rods have been statically pressure tested.

Hnwever. no operational tests were required as a part of the contract• In the

opinion of Westinghouse. the interconnection between the drill rods will not be

reliable enough when used in long strings under field operating conditions•

It is recommended that design studies and tests be carried out to determine

what reliability improvements should be made.

The possibility of utilizing L,ockalloy for drill rods to decrease weight and

increase strength should be reexamined in the light of advances made in the

technology over the past year.

2. 3 CASING

Five feet of casing is provided to prevent cave-in during the first 5 feet of

drilling since dust or rubble will most likely be encountered. The casing is

furnished in five l-foot secti6_ _wI_ch_are th_-e_-ded to form one continuous

5-foot length A diamond crown is provided on the first section and auger

flights are milled on the outside of the casing. The first section mates

mechanically with tLe drill string diamond coring bit and the casing is

driven through this connection. When the casing has been driven to the 5-toot

depth, the drill string is retracted slightly, placed in the rotational mode and

advanced. The mechanical connectors on tl'_ casing bit are cut off by the

diamond bit and drilling continues normally beyond the casing depth. Figure

2-10 shows the casing bit and figure 2-11 sh_ws an end view of the coring bit

installed inside the casing bit. There has been no operational testing of the

casing bit design. Testing should be performed to de,'ermine the adequacy of

the casing design.

2.4 ROTARY JOINT DESIGN

2.4. l General

The rotnry joint is necessary to provide coolant to the rotating drill string

and bit as well as to provide a means of transmitti,_g instrumentation signals

from the drill bit to the monitoring equipment. The rotary joint att_-ches to
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Figure 2-II. Casing Installed on Coring Bit
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the top of the chuck and connectsto the bit radiator and control panel on one

end and the drill string ,:oolant channels and bit instrumentation on the other.

Modification of a standard rotary seal is used for the water and steam

transmission and a rotary transformer has been incorporated for the trans-

mission of the instrumentation signals. Figure 2-12 shows the rotary joint.

Figure Z-IZ.

_, •.

Rotary Joint

Z.4. Z Feasibility Tests

Since the r_,tar_ joint was vital to the operation of the lunar drill concept

as originally proposed, feasibility demonstration of the rotary joint during

the first IZ0 days of the contract was a contractual requirement as discussed

in the Introduction. The feasibility tests were conducted using a Type E rotary

joint manufactured by the Barco Manufacturing Company. This joint was

modified by the addition of a teflon O-ring to provide a static seal compatible

with the vacuum environment.

The rotary joint was rotated at 840 rpm for a minimum of 30 minutes

with an internal pressure of Z50 psi and ambient pressures of ZOO microns

and 1.6 x I0 "4 Tort. The major leakage rate was 0.85 gram/hour with an
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observable leakage tak_ing place only at the b-eginning of vacuum chamber

pumpdown, No leakage or ice formation was observed and visual exan_mation

of the dynamic seal showed no deterioration due to ice. This test is

discussed in detail in Appendix B.

Z. 4.3 Development Tests

Since the rotary seal depends upon a slight coolant leakage for the lubri-

cation of the seal and since there may be periods during the operation of the

lunar drill in which no water or steam will be passed through the rotary joint.

it was anticipated that excessive wear to the seal face might be experienced.

It was felt that this problem might be eliminated by replacing the carbon seal

with a solid lubricant gallium-indium-tungsten diselenide seal. Vacuum tests

similar to those described in paragraph 2.4.2 "were carried out on this sea!

which was installed in a Type E Barco rotary_:jQint. The solid lubricant seal

showed excessive wear and it was decided to use the standard graphite seal.

Z.4.4 Acceptance Test

The acceptance test showed that the rotary seal appears to be adeq_.ate

although the mechanical design of the housing and manufacturing techniques

must be improved.

The seal was subjected to preacceptance testing and acceptance tL.sting

totaling I06 hours of static testing in earth ambients, Z6 hours of static

testing under vacuum conditions and 31.5 hours of rotation under vacuum

conditl.ons. The testing was interrupted by instrumentation and test equip-

merit failures and by rotary joint design and manufacturing problems. The

mechanical design problems were isolated to the bearing and seal, rotary

joint housing interference and seal bellows-rotary joint attachment problems.

"lhe acceptance test data was valid up to 16 _._ours of operation at which tim,.

there was a major loss of coolant due to a combination of the seal belIuws

coming loose from the rotary joint housing and high te_nperature created by

the clearance rroblems. At the time of the termination of the test, the seal

appeared to be in good condition. Appendix B provides the details of the

rotary joint. Z-Z7
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2.4. S Development Recommendations _ ....

In view of the results described above, it is recommended that further

development be undertaken to improve the bellows seal to the rotary housing

and to chanse the design to provide adequate interr_l clearances.

If it is proved certain through the bit development studies that bit coolant

is not requlrmi, it will be possible to eliminate the rotary joint.

i _,_., •_
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2.5 DRILL BIT THERMAL CONTROL SYSTEM

2.5. ! Recluiren_nt

Thermal comrol of the drill bit was a part of the proposed Westinghouse

lunar drill design concept. The demonstration of feasibility of the proposed

thermal control system was part of the priority requirements for the first

120 days of the contract.

2.5.2 Feasibility Test

Although in the proposal the initial estimate of heat to be dissipated

during the drilling operation was approximately 3kW, analyses carried out

at Westinghouse and by Arthur D. Little,Inc. indicated that the probable

thermal load which would be required to be dissipated from the drill bit

and driU string would be approximately I kW. This figure was later

verified by empirical measurements of the power utilized in drilling and

calorimetric measurements of the heat taken out of the bit by a circulating

fluid. Appendix C contains the Arthur D. Little report as well as the

Westinghouse calculations and test information upon which the design of the

bit thermal control system is based.

from a bit blank. The purpose ol the feasibility test was two fold. First,

it was to show that a thermal control manifold concept such as that pro-

posed could remove at least l kW of heat and, secondly, that the design was

such that vapor lock wculd not occur. The test setup for the feasibility

demonstration is shown in figure 2-13. Heat was applied to the system at

the bit blank and removed through a water-cooled comienser. The feasibility

demonstration showed that l kW of heat could be removed satisfactorily

by the use of this system. Appendices D and E discuss the Thermal Control

Subsystem design and the feasibility test.

2.5.3 System Design

The drill coolant system for the Westinghouse lunar drill is comprised

of a radiatcr, rotary joint, the other drill string coolant passages, and the

;'-2.9
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bit manifold. The system is closed and opera tes._ a fashion similar It

conventional steam heating. The drill manifold acts as a boiler. Stean_ is "

forced up the passages to the condenser where cooling takes place and the

condensation is fed back to the drill bit. A metering and valving systen_ ha._

been included to control the amount of water in the down-hole comptmenl in

the lunar environment and the quantity of coolant lost during drill strin_

additions.

The system has a rotary joint and drill string sections designed to handle

a 3-kW lead at 390"F. However, after the design of these components was

frozen, it was decided to operate the engineering n_od_,l dt 2i_'_I " in _,rdcr

to give added protection to the drill bit. Consequently. the ¢,,nden._er ]ine_

etc are designed for a thermal load of 800 watts at 21z°l = . Ex'el_ lhrou._h

the down-hole components arc off-optlmun_ for this thermal load ;_nd op,_ralin_

temperatures, sufficient flow of coolant should be delivered Io lhc drill

bit. Since this system has not been thoroughly tested under dyna_.ic con-

ditions, an external coolant pun_p ha: llt,t.l_ It.,rni._hed as part ¢_1 1hL.._ blt'l_;.

This external pun_p will allow the cooldl_t to bt: forcud ,hrough lhc v_._lt.l il_

case oi malfunction of the system a.- de._i_p.ed.

2. 5.4 Dt.velopment Recommendations

As indicated later in this section, exlcn._ix'e st_ldics o_ Lil ¢t,.._i_l, .,J:tt

cutting removal should be carried out to ,h.tcrl_inc th,. ncc,.._sit_ ,,f pr,,_id_,c

a thermal control system for the drill bit. If these tests ._h_,t_ht >h,,xv th,,l

such a thermal con:rol system is necessary, thep. dddilional ...Itldle_.

should be mad%using the delivered equipn_ent to deternaine the efficiency

of the system which has been designed and 1o delur_ine thc changt's \'¢}lict_

might be necessary to in,prove its operation. Since the syst,.'n_ ha._ nol bt.,._

thoroughly tested under drilling conditions, the first ._1cp should bca I,_L-

oratory evaluation of the system followed by redc._icn .._nd ,:pcradinc ;i_

necessary.
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2.6. I Drive Mechanism Design

The drive mechanism must perform three primary functions :

• Transmit torque from the motor to the drill string

• Advance and retract the drill string

• Provide power to operate the hoist to raise and lower the inner core

barrel

These thr_ functions are performed through the integrated gear box and

the hysteresis clutch mechanisms.

2.6. I. I Gear Box Assembly

The gear bc . assembly provides a neutral position and two forward drill

string rotational speeds of 200 a._ !000 rprn_ from the nominal 6000-rpm

input from the motor. The 1000-rpm rate is used for normal drilling, and the

200-rpm rate is provided for emergency high torque operation. The gear

box is designed to deliver 60 foot-pounds under normal operation and 300

foot-pounds at the 200-rprn speed.

The gear case is of $AE _.56-76 aluminum construction to conserve weight.

The gears are AISI 9310 vacuum melt steel with a carburized case depth

of .025 - .035 inch. The gear train is lubricated by transfer from solid

lubricant idler gears and the bearings are lubricated by solid lubricant

ball retainers.

Figure 2-14, is a layout drawing of the gear box. Figure 2-15 depicts

the gearbox assembly with the air-cooled motor mounted to it.

2.6.1.2 Hysteresis Clutch Mechanism

The hysteresis clutch is used to drive a 160-to-I harmonic drive which

moves the drill string in the vertical direction, raises or lowers the inner core

barrel assembly through the hoist mechanism, and provides the core breaking

force to the drill string. Figure 2-16 is a layout drawing of the hysteresis clutch

assembly. It is located in the metal can on top of the gearbox case immediate-

ly behind the left-hand ball screw (see figure 2-8). A manual gear shift lever
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Fl_,._re 2-15 Gearbox with ,Motor Muuntcd
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is provided to apply the output of the harmonic drive to the hoist or the ball

screws. Sufficient speed control is provided to permit advance or retraction

rates from 1/4 - 4 inches/minute and hoisting and lowering rates of the

inner core barrel from 0 - 7 I/6 inches/minute.

2.6. I. _ Ball Screws

The steel ball screws are designed to allow a large mechanical advantage

between the hysteresis clutch and the drive mechanism. The ball screw

assembly is basically a conventional design, but the screws are hollow to

conserve weight. The bearing surfaces are lubricated by a molybdenum

disulfide coating and are kept clean by special nylon wipers. A downward

force of 400 pounds for drilling and an upward force of 2000 pounds for core

breaking can be "rr.-_-._""1_'_ .7",g,,'._-_ ......._-!4 _hnws the ball scre_vs suDvortin_.. _ the

gear box assembly.

2.6.2 Solid Lubrication

The analysis of the requirements for the gt:arbox and other mechanical

parts to operate in a vacuum, the weight restraint, the possi'ole gearbox

oil sealing diffi:ulties, the high motor input speeds, and the possibility

of high gear and bearing temperatures indicated that the best probability

of operational success lay in the use of solid lubricants.

The Westinghouse Research Center, Churchill, Pennsylvania, a fore-

runner in solid lubricant technology, was givena subcontract to modify stand-

ard high quality bearings to accept solid lubricant ball retainers and to provide

solid lubricant sear blanks to be made into idler gears which would lubricate

the gearing through a transfer mechanism.

The experience with solid lubricant bearings has been extensive in

laboratory applications. Experience had shown that bearing lives in excess

of 300 hours, at 10,500 rprn and under loads similar to those expected in the

gearbox, can be achieved. Vacuum oFeration appeared to have little effect

on bearing life. However, extrapolating laboratory experience to a gear

box environment was considered to have some risk.
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The experience with solid lubricant idler gears was not as extensive,

and this experience was attained with relatively slower operational speeds,

different gear designs, and loads.

A development testing program was recommended by the supplier, but

due to funding and schedule restraints it was decided to proceed with the

bearing and gear lubricating designs based upon the available experience.

Solid lubricated bearings are noisier during operation than oil or grease

lubricated units. The absence of the fluid cushion film and the greater

clearances required to accommodate the thicker solid films and wear debris

are the reasons for the noisy operation. It is irnportant that the solid

lubricated bearings have a degree of preload to insure that all of the balls

are loaded continuously and are not free to chatter and skid. The preload

for each bearing must be determined on the basis of its operating conditions.

Thermal expansion of the solid lubricant bearing design becomes a

problem only if the frictional heat raises the bearing temperatures to a point

where the clearances are lost. The amount of frictional heat generated will

differ from bearing to bearing depending ipon the loads, speed, and the

availability of a heat sink. ]he clearances provided were expected to be

adequate up to 600°F.

"ihe loading of the idlel gear has been determined to be:

L = W x 4V/-_

DPxC

where :

C = Constant = .04

DP = Diametrical pitch of the idler gun

L = Applied load of the idler gear in pounds

W = Width of idler gear in inches (contact width)
PD

S = -7 in inches x rpm (PD = pitch diameter)

Since the method by which solid lubricants function is that of sacrificial

wear. there is a chance always of a buildup of wear dt:bri_. For the major
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part, the material worn in one spot will recoat at another location but some

will end up as a loose powder. In laboratory tests at I0,500-rpm speeds,

100-pound axial and thrust loads, 1 to 2 grams of powder .may be collected

after I00 hours of operation. If the debris does not leave the bearing but

lays in the ball path, il will cause a roughness which will cause excessive

mechanical shock and shorten the retainer IHe. The amount of wear debris

which would cause failure in 200 hours of operation, the goal for the gear box

bearing design, is a function of the bearing size, clearance and loading.

Interface difficulties and manufacturing tolerance buildups resulted in

low preloading of the bearings.

Several bearings were damaged due to improper handling during installation

,,_,u disassembly operations "_-'_ as ..... ,_-_ry f_il,,ro¢ rp_t,lting from contam-

ination by metal chips from external sources.

The solid lubricant idler gears which operated at the higher gear box

speeds failed repeatedly while those operating at or belo_ 1000 rpm operated

as desitzned. The failures of the high spt'ed idler n_ay be attributed partly

to the material, the loading, their type of mounting and the generous

clt, arance of the gearing at normal ai'.-_bients. The clearances were the results

of allowing for the linear expansion ot thtr _/ears ovt:r the design range of

-40 ° to 105°F and the compensation for the differences in the coefficient of

linear expansion between the steel gears and the alui_ainum gearbox over

that range.

Figure 2-17 shows the condition of a high speed idler after the 15-minute
-5

run of the gearbox in a vacuum of l0 Tort. The bearing failure is a

secondary failure.

The high speed idlers were not replaced in the assembled drill system on

the separate gear box. The high speed gears in the assembly system were

lxibricated periodically' with Apiezon }t grease containing zinc oxide and

l:.olybdenum disulfide in proportions by vohme of 8-3-1 respectively.

' 4O
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Westinghouse Central Research has evolved a design of a new idler gear

and mount consisting of a porous plo_/amide gear which permits a low vapor

pressure oil to be bled from a central oil reservoir. This design was not

rnanufacturc :I due to funding and schedule restraints.

The mechanical parts lubricated with a form of solid lubricant are:

Gearbox and Hysteresis Clutch

1 - Gears - phos?hated and electrofilmed (molybdenum disulphide)

2 - Idler Gears (6) - silver - mercury - teflon composite

3 - Bearings (41) - gallium indium - tungsten diselinide composite

4 - Bearings (2) - gold p]ated

5 - Splines - phosphated and electrofilmed

6 - Harmonic Drive

a. Wave generator - gold plate over molybdenum disulphide

b. Wave generator bearing -Apiezon H grease and Z0% by weight of

molybdenum disulphide

7 - Screws - phosphated m,d electrofilrned

8 - Screw wipers - nylon

9 - Bushings - silver - mercury - teflon composite

Z,6.3 Operational Experience

Approximately 35 hour.- of oDeration have been accumulated on th(, b¢,x

During this time, the major failures have been Xdler _ear and bearing failures.

In general, the bearings have operated satisfactorily despite low preload

No gearbox failures have occurred in the conventional gearing, although one

jack shaft conl .ning an integral gear was replaced due to slightly undersize

splines causing _bble in a gear with the mating splines. The hysteresis

clutch has exhibited no failures.

Z.6.4 Development Recommendations

The basic design of the gearbox appears to be sound. Some development

shovld be undertaken to arrive at a design which ca,J function as required

u_der the full range of lunar ambient temperatures.
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The use of solid lubricant bearir,g.¢ and gears should be reviewed and tested

further. Studies of the possibilities of a sealed gear box and of either law

vapor pressure or replaceable lubricants usage should be made.

The hysteresis clutch should be modified to include an angular velocity

sensor which is driven by the harmonic drive input shaft. The preser.t eensor

used for feed rate control is adc tachometer driven through a stepup gear

train tied to a ball screw _ut. Since the ball screw nut turns ._t 1.2S rpm

for a l/4-inch/minute feed rate and at a maximum speed of 20 rpm for a

4-inch/n_!nute feed rate, a large stepup ratio is required.
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Z.7. I Motor Design

The motor design selected for the Westinghouse lunar drill system is a

100-volt dc motor capable of delivering 60 inch-pounds at the normal operating

shaft speed of 6000 rpm. The motor is sealed for vacuum operation. The

motor is pressurized to 50 psi with nitrogen and fluid-cooled with U-CON

(polyalkaline glycol) oil. Pressurization is necessar_ to reduce cavitation

conditions at the coolant pump which is located at the base of the motor case.

Heat is removed from the motor armature in two ways. The pressurized

gas carries some heat to the hYotor case by convection. The coolant flows

thx'ough coolant tubes, which are wound around the case to remove this heat

and the stator heat and carry-it to the radiator. The majority of the heat is

removed by the circulation of-the coolant fluid through the motor itself. The

coolant enters the top of the motor and i_ pumped thrgugh the hollow rotor

shaft to a _ump at the base of the motor case. The pump, located in bottom

of the sump, was a simple impeller designed to force the coolant out of the

sump, through th,- radiator and back to the motor. Figaro 2-18 is a _kt.tch

of the motor cros__ section and figure 2- 19 is an end view of tht i__senablt-d

motor.

2.7.Z Operational Exp, ri,.nct.

A limited amount of opt. rational data has been gathered or th_ mGtor.

However, during this time, a number of problem areas } ve arisen. Because

of compromises which were made in the design in ord ..duce weight and

size, commutator length and brush area are smaller th. vould normally oe

expected for a motor of this power rating. This, combined with the apparent

deleterious effect of the U-CON, has resulted in unusual mechanical wear on

the commutator. It is estimated that the maximum operational life of the

motor is 8 to 10 hours before refurbishing of the commutator will be necessary.

In addition to contributing to the commutator and brush problem, there is

evidence that the U-CON may attack other materials internal to 'he motor.

However, this latter possibility has not been definitely confirmed.
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Figure Z- 19. Sealed Motor, _ End View

Tht. impeiler which was to be used to force the ,,il through the system has

not bt.t.n _atisfactory Gas bubbles occurring in tht. coolant syst,'m bind the

impeller which reduct.s tht. total amount of coolant circulated. While it was

ft.lt that the design of the impeller was the problem, repeated attempts to

improve the design w't.re unsuccessful. In the motors, deliver_.d as a part

of tht. contract, the impellers have beer_ removed and an t.xtcrnal coolartt

pump has been provided to ensure the proper flow of U-CON through th¢, motor.

Because of the low reliability of this motor, a conventional colxamercial

motor has been furnished for drill test purp,,ses. Figure 2-15 shows this

motor mounted to the gear box.

2.7.3 Development Recommendations

It is recommended that the concept of a liquid-cooled motor be reviewed

in the continuing development program. Difficulties experienced with the

liquid-cooled motor plus a cursory review have indicated that a gas-cooled

motor n,ight be more satisfactory without a prohibitive weight penalty. The
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problems of operating with a liquid coolant in a lunar environment indicate

that a slight weight penalty might be preferable. It is further recommended

that any additional weight penalty be accepted to modify the present commu-

tator and brush design since the excessive wear with the present design is

clearly unacceptable for lunar operation.

2.8 MOTOR THERMAL CONTROL

As discussed in paragraph 2.7, a circulating oil coolant fluid was selected

a_ the motor thermal control method. This selection was made after a study

and comparison of a number of potent,al usable systems. Table 2oZ shows

the systems considered and the compari_o;_ of various pertinent parameters.

As shown in table _-_, the oil coolant system provided a considerable weight

advantage. As indicated in paragraph '.7, _xp_,ricnce with this system has

been unsatisfactory and it is recomme,nded that th,. gas system be investigated

for future development in the continuing program.

*_. 9 FKAME

2.9.1 Frame Design

The lunar drill frame h_.s been dt..,,gne,:: _ providL, maximum rigidity and

adequate load bearing capability within tl,¢. confines of the ow_.rall drill weigl,t

limitations. Figures 1-1 and l-t shox_ the frame in an erected condition.

The frame provides i or four-poinl m_unt'n_, to the side of the LEM. The

mounting brackets use quick disconr, ect pins. When disconnected, the frame

folds into a compact package for ea._ ._tora_, _ and transportation as shown in

figure Z-_0. The supporting m_.mbers of the, frame are rc._.r'e of 1.5-inch

;_luminum rods of 6061-T6 alloy and are designed to withstand 400-pound

downward thrust on the drill and 4000-po,_nd upward force. Bushings through

the upper platform provide lateral support for the hoist pulley support frame.
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Figure L-g0. Lunar Drill Rig, Folded for Storage

2 -50



The hoist pulley support frame is used to provide the height necessary to

retract the inner core barrel from the annulus of the drill string. The wire-

line passes over the pulley at the top of the hoist down to the winch. As

explained in paragraph 2.6, the winch is operated from the hysteresis clutch

which is part of the drive mechanism. The upper and lower platform, hoist,

and winch are made of 356-T6 alloy aluminum.

The ball screws are of special lightweight construction to minimize the

overall system weight. The screw threads are ground on hollow steel tubes

of SAE 8620 alloy. The ball nuts are part of the drive mechanism assembly

shown in figure )--15. Thrust and core breaking force is applie,d to the drill

string through the ball screws.

The upper and lower platforms serve as attachment points for the support-

ing frame and as mounts for the ball scre.ws which support the drilling

mt-chai,i_-zt_. A steadying collar is attached to *.he top of the lower platform

to pr_.v,._.ttht. core barrel from wandering or vibrating excessively when

collarinK a nt._ hole,. A foot clamp is attached to tht" bottom of the. low,.r

platform. "fht. function of the foot clamp is to prevent the. drill string from

dropping down the. hol,. while lengths of drill string are bt,ing d_tache.d during

drill _trit_ retrieval.

2.9.._ Op¢.rational Experience

LaborJtor_ experience with the drill fr;,z_e., in gen_.ral, has o¢'t'n satis-

factory. Mt.asurements have indicated that the. rigidity of the syst_.m is

consistent with good drilling practice. No problems of e×c¢.ss distortion or

vibration have arisen.

Two additional braces were fastened op the bottom platform to give

additional stability during early drilling tests. These braces were used for

precautionary reasons only and may or may n_t be n_,cessary undt, r opt.ra-

tior_al cov,ditions.
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2.9.3 Development Recommendations _

Since the design of the frame shows itself to be basically sound, no

deve!opment program is recommended at this time.

Further testing is also necessary to deter.nine the stability of the system

using only the four-point suspension as originally designed. If the present

design proves inadequate, then a change in the design wil* be necessary H it

is desired to retain the four-point suspension concept or two additional

suspension points can be added to give a six-point suspension system. The

latter approach will necessitate reevaluating the interface between the drill

and AES mounting surface.

2. 10 INSTRUMENTATION AND CONTROLS

2. 10. l Instrumentation and Control System Design

The purpose of the instrumentation and control system is to sense the

critical drill para_neters and to provide the automatic and manual controls

necessary to operate and protect the drill system. Figure 2-Zl is a simplified

schematic showing the instrumentation which is furnished for this purpose.

Figure )-_Z shows both the on-site and t_e remote control units The on-sit,

control box contains the logic circuitry necessary to control and protect th¢.

drill. The remote control is connected to the on-site control by a 100-foot

cable. Either control can be used to control the drill system opt. ration.

The functions which can be controlled and/or monitored arc shown on the

face of the control. Bit temperature, torque, and thrust can be read

quantitatively from the meters shown at the top of the panel. The desired

values - i.e., values set bythe operator for feed mode, feed rate, and

thrust - are shown in the second row of instruments down from the top.

These settings are controlled by a special keyed control handle from the three

lower center controls labeled MODE, RATE, and THRUST. The feed mode

controls of DOWN and UP indicate the direction in which the drill string is

being driven. REAM OFF indicates no travel of the drill string in either the

up or down position. Rotatio:, in the ream naod_. (200 rpm) is possible in this
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while the drill strlng is being retracted. The feed rate is calibrated in inches

per minute and thrust is calibrated in hundreds of pounds.

The I0 lamps shown in the center of the panel are malfunction indication._

with the exception of the MAN lamp which indicates manual rather than auto-

matic operation. In automatic operation_the activation of any one of these

warning lights will cause the automatic shutdown procedure to be activated.

This procedure consists of stop:,ing the feed, a 10-second delay _o allow the

hole to be reamed, then a shutdown of the motor. If the MOTOR AMP5 or

MOTOR TEMP lights are activated, the 10-second dt.lay is eliminated A

brief discussion of each anticipated malfunction signal is given below.

a. Th-..MOTOR A..MPS signal-originates in the motor start,.r and

indicates a motor over-current co:'dition.

b. The MO'IOR "fEMP _ignal_originates from {-hvrn_ally activatt.d

switch,.s in tLe 100-volt motor and indicates excessive tt.mpt, rature in this

unit.

c. TORY'si: i.- dt:termined from the motor current and the x_.otor

characteristics, li.1, i.-. a g,.ar box prott.ctiun rather thap. a motor protvction

signal.

d. BII TE.\IP i.- .-., :._vd by a tt_ern,istor in c<_llt/t__l _._.:t} [_1_ Uit x:_atr_-..

This sigl,al i_ tran._m_tteci by _irt. up thv dr_il =tral,L, to tia, rot_:ry joi_,t

where a rotary transformvr is utilized to pass the aignal to th,. control box.

It will cause shutdown at 400 °F.

e. VIBR gives an indication of excessive drill vibr_,tion._. The sensor

is an accelerometer mounted on the surface upon which the drill is mounted.

It is primarily a mounting surface rather than a c_rill prott.ction devlct'.

f. The PULL CORE signal is activated by a combination ,,f thrust of

200 pounds or more and a fe,-d rate of 1/4 in/minute or less. This indicates

that the core barrel is full, a "core block" has occurred, the drill string has

fractured, or that a bit has failed. The_e signals (umv from tht. feed rate
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sensor, which is a dc tachometer geared to aball screw nut and from the

thrust sensors which are strain gauges mounted on the upper arms of the

drill frame.

I- The AXIAL lIMIT signal indicates that the gear box has reached

its upper or lower limit of travel on the ball screws. These signals come

from magnetic switches mounted on the upper platform of the drill frame.

h. OVER THRUST indicates that the thrust level is in excess of 400

pounds. This signal comes from the thrust sensors referred to in f above.

i. UNDER THRUST indicates a thrust of less than 50 pounds. This

signal comes from the thrust sensors referred to in f above.

The upper switch on the right side of the on-sitt, panel permits control of

the drill to be swit ......to ....L-r _,,_-on-= ..... _ ,.

switch controls the m_._oc. The tGp _ i*ch on the. lt.ft allows selection of

automatic or manual control of "he drill. Tht- c_ nt('r switch on the left is a

iamp test switch and the lowest switch locks out _h¢. remote control panel.

This obviates the possibility of injury to p_.rsonn(l at the, drill szte b- some-

one inadvertently activatingthc drill from the remote panel. The remote

panel does not have this latter switch.

The gear shift sensors shown in figure 2-21 provide signals to the logic

circuitry which provide lockouts so that _t is impossible to rotat,, the drill

wht.n the gearbox is in the hoist position and to prew_nt down feed when in

tht, low speed (__00 rpzn) gear.

_. 10. Z Operational Experience

The operational experience which has been accumulated with the drill

instr,lmentation and control system has been very satisfactory. In general,

the controls are sensitive and allow the degree of protection necessary for

rt, n_.ote operation. One exception to this general evaluation is the PULL

CORF indication. It will be recall.ed that th_s light comes on and drilling is

stopped when the thrust is over 200 pounds and th_ f(.td rate is less than

I/4 znch per minutv. Expt, rience ha'= established that during drilling the
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feed rate apparently fluctuates markedly as the'drill bit hits hard spots, as

the drill frame flexes or from other undetermined reasons. Although these

fluctuations are normally of short duration (fractions of a second) they are

sufficient to indicate to the control system that a core block has occurred and

the drilling is automatically stopped. This portion of the circuitry has been

disabled in order to allow testing to proceed. A delay of a few tenths of a

second should be built into the system to prevent these short duration varia-

tions in the feed rate from stopping the drill.

2. 10.3 Development Recommendations

Although the presently designed instrumentation and control system is

satisfactory and has worked essentially as desig_:ed, it is far from the ultimate

for an automatic control system. Because. of tht. premium placed on aJtror_aut

time on the lunar surface, a high degree of automaticity should bt. built into

the drill. However, because of weight and reliability cor. sideratior.,, the'

feasibility of a completely automated system is cp(-n to question. It is

suggt, st,_d that a study be conducted to d_t_.rn:i_._, tb.,- ci_._rt._, of automatlcity

desirabh, and f,.asible under lunar operating conditions and that the control

and protection system be redesigned in complianct _vlth tht. stud}" rt-com-

mendations.

2. 11 DRILL OPERATION

An Operations Manual describing the method of as.-embly and operation

of the engineering model of the lunar drill is provid_.d a_- a s, parat,, docu-

me nt.
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2. 12 HUMAN FACTORS ENGINEERING

2.12. 1 Human Factors Design

Westinghouse is keenly aware of the drill/astronaut interface that must

be considered in the design of any space equipment. As a resultp this was

a consideration in the design of the present drill and a considerable amount

of task analysis was accomplished in the course of the contract. The analyses

which were carried out must be considered as extremely tentative in view of

the dearth of definitive information available on the drill support and transport

structures and the fact that many changes will be made in the present drill

concept. A comparison of table 12.2, lOth Monthly Report with table lO. 1

of the Operating Instructions Manual indicates that some drilling procedures

have been changed in line with design and drilling concept changes. For

these reasonsm the emphasis during the development phase has been on the

solution of basic engineering problems rather than human factors design

effort.

2. 12.2 Development Recommendations

It is obvious that the present design of the lunar drill relies too strongly

on astronaut participation. The weight limitation imposed by the contract

forced the development in the direction of providing automation for those

things that the astronaut clearly could not do and requirtn_ many manual

operations to stay within the weight allocation.

Experience with the engineering r_odel, has indicated that basic en_ineerin_

improvements must be made in the systems. Since the tradeoff values of

astronaut time vs weight may change as more space experience is gained,

it is suggested that any engineering improvements be made with the goal

of complete automation in mind, but that emphasis be placed on solving the

engineering problems in l:_ase II, and making final tradeoffs xn the Phase

Ill Program.

Such an appro_ach will provide a basis for the design of a more automatic,

if not fully automatic, system, which should require astronaut attention only
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in case of malfunction or other unusual conditions. If the problems of weight

allocation can be relieved, such a system can be produced.

2. 13 ACCEPTANCE TESTS

In accordance with agreements between Westinghouse and Contracting

Officer's Representative, the acceptance test requirements of the contract

would be considered satisfied if the following conditions were met:

a. Prime Mover Demonstration:

The prime mover subassembly to consist primarily of the motor and

gear box with a dummy load generator coupled into the subassembly shall be

demonstrated to be operational in a high vacuum environment. A prime

mover radiator/convector unit shall be used {outside the vacuum chamber)

--- . I __t.. ...... - _1..,.-,11 have _ atllf_[.'l],_to remove the heat generated, l_e motor/ge-.ruu^ u,,t., .............

connector (mechanically simulating a portion of a drill string section) between

its chuck and the dummy load generator. This setup shall be mounted in the

high vacuum chamber. During the demonstration, records shali be kept of

chamber pressure; chamber temperature, motor input voltage, current, and

power; critical spot temperatures for the entire prime mover; output rpm

and torque, control functions; and the limiting and control functions. The

prime mover subassembly as described shall be operated throughout a range

uf its function:_ in a cycling manner for an accumulated period of 8 hours,

during which the vacuum chamber shall be maintained at it lowest possible

pressure. The chamber temperature shall be ambient. The cycling manner

mentioned above shall be through alternate operational intervals of 30 minutes

and shutdown intervals of 15 minutes for the entire demonstration period.

Throughout the demonstration, the amount of heat being removed by the prime

mover radiator/convector shall be determined and recorded for reference

during the field tests.
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b. Rotary Seal Demonstration:

The rotary seal unit shall be set up and demonstrated according to the

procedure statements of Progress Report Number 4, Section 3, and the

modifying statements on procedures of Progress Report Number 8, Section

4.

c. Demonstration of - Coolant Tubes for Proof Pressure

- Drill Strin_ Couplinss for Leak Check

Portions of reasonable length from two sections of drill string shall be

coupled together with a standard coupling. Simultaneously (or separately if

need be) each coolant tube shall be pressurized to 45 psia for an interval of

30 minutes minimum length. This demonstration is designed to both proof-

pressure-check the coolant tubes and to leak-check the joint formed by the

coupling. A standard helium sniffer leak detector shall be used.

d. Demonstration of Auger Fli_hts Efficiency:

._t E. 3. Longyear, the d,_monstration of auger flight chip removal from a

15-foot section of clear plastic tubing to a simulated chip basket shall be set

up as an acceptance demonstration of the auger flights' efficency. The

demonstration procedure may follow that used for the earlier 9-foot test.

e. Postdemonstration Procedure

Following the above described demonstrations, any units that ;ire also

involved hero. may be lismantled and inspected for evidence of weak and/or

damage. Minor adjustments and repalr._ will be permissible. After reas-

sembly [providing any breaking down is necessary), the entire drilling sub-

assembly shall be prepared for and used in drilling and coring a 5-foot

minimum thickness of basalt [your choice). A r,-_cord shall be kept of total
\

actual drilling time plus those parameters appropriate from demonstration

a Drill bit, auger flights, core barrel, and chip basket functioning effi-

ciencies shall be observed and recorded. The final physical condition of all

parts shall be observed and recorded.
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Time and funds have not allowed all of these conditions to be fully met.

As indicated in previous sections of the report, component and subsystem

failures during the testing period have not allowed realistic systems tests

to be performed in all cases.

2. 13. I Prime Mover Demonstration
-I0

A test was set up and a preliminary run was made in the range I0 Torr

vacuum chamber purchased by Westinghouse primarily for this test. The

test was terminated within 15 minutes after the failure of the lubricating

gears in the gearbox and the test load. This test was not completed since

spare parts were not quickly available. It was questic, nable whether the drill

motor would have survived the test since the maximum time accumulated on

any motor has been 9. 1 hours before failure.

Since the gearbox must have additional work dr'ne on the lubrication con-

cept before it can be considered satisfactory , there was little expectation of

its running 8 continuous h-_urs without a fail_zre of the dry lubricant idler

gears.

•'. 13.2 Rotary Seal Demonstration

Westinghouse has completed this test and it is reported in paragraph

2.4 of this report.

2. 13.3 Demonstration of Coolant Tubes for Proof Pressure Drill Strin_

Couplings for Leak Check

This test has been completed on all sections of drill string using the

following tests procedure.

The drill rod was inserted in the master gage at the lower end and the

chuck at the upper rod. O-rings were placed on the water and steam tubes

:_s they would be in the finished rods. A special fitting was employed to

apply pressure to the chuck water an_ steam passages. Both 40 pounds of

watt. r pressure and 40 pounds of air pressure were applied to determine

passage integrity. A gaging system was used to determine any pressure

drops due to leaks. No appreciable stay time was utilized. These tests
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were made on single rods and the combination of two rods with a simulated

coupling.

The helium snifter technique was not employed.

Z. 13.4 Demonstration of AuBer Fli_hts Efficiency

This test has been partially successful, chips have been raised in a

plastic tube for a height of 9 feet with partial success in depositing them in

a chip basket. The late completion and poor quality of the 15-foot core

barrel assembly did not allow the 15-foot tests to be run.

Z. 13.5 Drillin[_ of Five-Foot Hole In Basalt

Because of difficulties in obtaining suitable core barrels and drill bits,

this test has not been satisfactorily accomplished. Bit life times of over

10 feet have been demonstrated; chip removal to q feet has been shown to be

feasible, but because of equipment delivery problems the quality of the core

barrels and the water seal probl,_ms, the combination of drillin_ and chip

romoval to a depth of 5 feet in basalt has not been demonstrated.

2. 14 LUNAR DRILL POWER REQUIREMENT5

One of the contractual requirements was an analysis of the power re-

quirements for the lunar drill. This report was submitted as a part o; the,

1 lth monthly report.

Z. 15 LUNAR DRILL SYSTEM WEIGHT

2. 15. 1 Contract Restraint

The contract imposed a drill weight restraint of 200 pounds for tht, drill

system excluding the power supply.

2. 15. Z Delivered Lunar Drill System and Component Weights

The weights of the engineering model drill st.stem and components are

listed in table 2-3.

2. 15.3 Weight Growth

The drill system growth from tht. proposal estimate to the prede_lgn

estimate to the final weights varied from 198-240-460 pounds respectively.
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2. 15.3. I Proposal Estimate

The proposal estimate included the use of Lockalloy, a 62-percent beryl-

lium and 32-percent aluminium alloy, as a major construction material.

Properly employed this alloy would have reduced the present weights of the

frame and drill string components 30 to 50 pounds. The use of Lockalloy had

to be abandoned due to the into__erable delivery schedules and cost. The

thermal control system for the motor {72 pounds} and the motor starter and

interconnecting cables (31 pounds) were not included. The estimated weights

for the other components were I0 to 20 percent under the achieved weights.

2. 15.3. Z Predesign Estimates

Predesign estimates did not include the external motor coolant pump,

s_v_ral gearbox auxiliaries, miscellaneous item_- totaling 128 pounds and

underestimated the drill string components by approximately 70 pounds. The

lalter differential was in the weights of drill rods and core barrel assemblies.

The other items were within 2 to 5 percent of the achieved weights.

2. 15.4 Future Weight Reduction

Th_ ude of optimum construction materials, such as Lockalloy and

titanium alloys, the elimination of the external motor coolar_t pump, the

rt, duction of weight of overdesigned components, and the possible deletion of

com[_onents, such as the bit coolant syste_ri, found 0ispensable during the

evaluation testing period should result in an appreciable weight reduction

which would be within range of the objective. This po'.ential weight reduction

would be counteracted to a degree as the result of the possible motor develop-

ment and automation studies weight penalties.
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TABLE 2-3

WEIGHTS

Lunar Drill System consisting of:

Drill Frame Assembly

1 - drill frame including instrumentation
2 - ball screws Ib Ib 3 oz each

I - foot clamp

2 - drill frame braces l Ib 9 oz each

1 - lower platform bushing

43 lb

30 lb 6 oz

21b6 oz

31b2oz

1 lb2oz

80 Ib

Gear Box Assembly

l - gearbox including hoist and feed rate sensor

l - overshot - rotary joint holder

l - swivel joint antirotational device

l - chip basket clamp

l - overshot and cable assembly

48 Ib 12 oz

2. Soz

I oz

6 oz

1 Ib 12. S oz

5! Ib 2 oz

Drive Motor Assembly

l - AED Sealed Motor - I00 Vdc 34 Ib 6 o/

I - AED Motor Coolant Pump Assembly 62 Ib 14 oz

or

l - AMF Motor - 28 Vdc includin_ adapter 27 Ib 14 oz

I - motor coolant radiator 4 Ib 8 oz

4 - radiator fittings l oz

3 o flexline hoses 4 Ib 14 oz

AED Motor - I06 Ib I I oz

AMF Motor - 27 Ib l" oz

Controls and Cables

I - on-slte control and protection unlt 7 Ib 12.5 oz

l - remote control 3 Ib 8 oz

l - interconnecting cable (on-site - remote control) 6 Ib 14 cz
l - 100 Vdc starter 13 Ib 13 oz

or

I - 28 Vdc starter 31 Ib

l - signal conditioner 8 Ib l I. :_ oz

I - set interconnecting cables 17 Ib 2 ,-)z

I - 28 Vclc starter - motor caLles Z0 Ib 7 oz

w/100V starter $7 Ib 13 oz
w/28V starter 78 Ib 5 oz
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TABLE 2-3 Continued

Drill String Assembly

l m

1-

1-

20-

1-

1-

1-

1-

1-

1-

1-

1-

1-

1-

1-

1-

1-

4-

4-

1-

swivel joint assembly

chuck

chuck-core barrel adapter

drill rods 2 lb 13 oz each

upper outer core barrel assembly

middle outer core barrel assembly

lower outer core barrel assembly

upper chip basket

lower chip basket

inner core barrel assembly

bit

bit cooling assembly consisting of:
bit coolant radiator

valve assembly

flexline water hose

flexline steam hose

air eliminator

flexline hose fittings

casing sections

casing bit

1 lb 14 oz each

Mi scellaneous

1 - fishiag tool
2 - Parmalee wrenches

1 - assorted hardware

3 - pints of H20
1950 ml of U--CON

2 lb 10 oz each

Approx.

System weight using AED motor -

System weight using AMF motor -
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3 lb 2 oz

2 lb 2.5 oz

10.5 oz

56 lb 4 oz

11 lb 13 oz

11 lb 13 oz

12 lb4.5 oz

3 lb 5 oz

2 lb 13 oz

5 lb 13 oz

8.5 oz

19 lb 8 oz

4 lb 12 oz

10 oz

31b 1 oz

8 oz

l oz

7 lb 8 oz
I l lb 14 oz

148 lb 7 oz

13 oz

5 lb 4 oz

31b

3 lb 2 oz

41b 4oz

16 Ib 7 oz

460 lb 8 oz

402 lb 3 oz



3. RECOMMENDATIONS

The foregoing text has reported on file work that has been accomplished on

the lunar drill during the past year. It is obvious that if a working drill is to

be developed during the next few years, effort must be initiated soon in a num-

ber of critical areas. In the opinion of Westinghoase, the areas demand im-

mediate vigorous effort are the following:

• Diamond bit development

• Chip removal development

• Gear box development

• Drill string coupling development

• Drill motor study

• Aut,,T_ation techniques

The iollt_',-_n_', p;_ragraph_ discuss vach o,' these ._ubi_'cts ill _nJ, (ieIail ,_r_(!

describ(' the sc,,t,_. _,I _v.,rk which sh_,uld b_' carried out in each ar,.a. .q:,_,,lli,-

detai'ed develop_t.nt programs ar_ not pres,.nt,.d h, rt. ln. l_h_._ inl;:r_l',_ti,.t_

can be furnisht'd as de_:red under separale cc_'.'er

_. 1 DIA._.IONI) BII Dt \ '- LOP.MEN-F

3. I. 1 Research Program

3. I. 1. I Objective

The objective of the research program is to detern:ine basic information

concerning diamond characteristics which are gt, rmanv to th,. diar_ond drilling

problem and to develop a background of theoretical and expt, rir.:cntal infl,rw.a- •

tion which can be drawn upor. during the bit dev(.iopnaent ,.ffort.

Characteristics to be examined from both theoretical and experimental

approaches would include



• Diamond cutting mechanisms.

• Diamond wear mechanisms.

• Diamond wear rates under a variety of conditions.

• Diamond temperatures under various conditons and effects of various

ambient temperatures on other characteristics.

• Effect of various mechanical loads.

• Effect of orientatic n.

• Effect of size.

• Effect of shape.

• Effect of crystal structure.

• Effect of crystal flaws.

3. 1. 1.2 Approach

The research program should be initiated with a comprehensive literature

st;rvey. Visits should be made to the Bureau of Mines in Washington and

Minneapolis to coordinate the Westinghouse program with that of Dr. Long

in Washington and Mr. Paone in Minneapolis. If necessary, visits to South

Africa and Great Britain should be made to obtain unpublished informatioz:

drveloped by the researches sponsored by the Diamond Syndicatr. The state

of knowledge of diamond characteristics in various env-ronmen,s should be

determined and this knowledge used as a basis for t:, ension of theoretica!

_tu(iirs or ,.xtrapolation of empirical dat_: which can be used as a basis for

experimental investigations.
-10

The behavior of diamonds in vacuums of 10 should be a goal ot this

program, however, some _,ttention should be given to the probability of diamonds

actually operating in this environment while drilling on the moon. The con-

sidrration here being the possibility of lunar materials outgassing at drilling

trn, pr ratures.

Thr rxpt.rimental research program should be initiated using s,ngle diamonds

ot high commercial quality. These diamonds should be essentially free of

flairs and sufficirnt numbers of "identities, '' stones ,-h_Juld be initially selecLed



for theprojected experiments to minimize problems arising from variations

in individual diamonds, unless the effect of such variations is to be the subject

of the experiments.

Experiments should be devised to examine the diamond characteristics

listed in paragraph 3. I. I. 1 as well as other parameters whicl, may prove

important as a result of the theoretical or experimental program.

Experiment observation techniques should be developed to permit a maxi-

mum of first hand observation and a minimum of deduction and extrapolation.

The experimental research program should be closely coordinated with the

bit development program to ensure that the data developed during the research

phase is of maximum usefulness during the development program.

3. 1.2 Bit Development Program

3. I. 2. l Objective

Th,. • objective of the diamond bit development program is to develop a

diamond coring bit capable of drilling through at least 100 feet of basalt or

granite.

3. 1.2. 2 Approach

The bit development program would draw heavily on the information that

has been developed during the past year under NASA Contract NAS 8-20547

as well as on the results of the research program described in paragraph

3.1.1.

Bit configurations should be designed to take maximum advantage of the

desirable characteristics of the various crystal structures and to minimize

the influence of undesirable characteristics. Various arrangements of the

diamonds in the bit should be tested to find the optimum combination of cutting

ability and chip removal. This development effort would be parallel to chip

removal effort described in paragraph 3.2.

Under carefully controlled and monitored conditions, a number of variables

should be studied:
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• Effect of loading

• Effect of diamond orientation

• Effect of bit cuoling

• Effect of size and shape

• Effect of orientation

• Effect of crystal structure and crystal flaws.

As a part of the developmental program methods of measurement and ob-

servation should be developed to obtain a maximum of information from the

For example, the following parameters should bedevelopment program.

monitored:

Thrust

Torque

Temperature at various places in the bit

Temperature at various places in the rock

Chip temperature

• Bit deterioration (periodic)

• Penetration and penetration rate.

In addition to the above, attempts would be made to devise method_3 of

rn_,asuring the actual :emperature of representative diamonds during the drill-

ing process. Photographic techniques should be studied to devise a method

of studying the chip removal action at the bit face during the cutting process.

This development program would result in optimum configurations of diamond

bits for dry drilling applications.

3. I. 3 Bit Manufacturing Program

3. I. 3. l Objective

The objective of the bit manufacturing program would be to develop one or

more suppliers to the point that they are capable of delivering high quality

diamond bits to a rigid specification. Such a capability is necessary for the

test program as well as for the follow-on production phases of the drill pro-

gram.
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3. 1.3.2 Approach

During the bit development program, it would be necessary to utilize the

services of commercial bit manufacturers to fabricate set diamond bits. These

would be bits utilizing a tungsten carbide matrix in which the individual dia-

monds are set. In accordance with the results of the research program and

the experience already gained on the existing contract, specifications would

be drawn up for the manufacture of experimental bits. These specifications

would carefully delineate bit sizes, tolerances, protrusion of all diamonds,

and the allowable tolerances.

It would be necessary to work closely with the supplier to determine the

tolerance that can be held with present bit fabrication methods, and if neces-

sary assist the supplier in devising new methods of fabrication and quality

control to meet the requirements of the specification. A comprehensive test

program would be necessary to determine the tolerances that will be allowable

in vari_us areas of the bit in order to determine the degree of quality control

that will be necessary.

This program would be closely coordinated with the bit development program

describt, d in the preceding paragraphs.

3. 2 CHIP REMOVAL STUDY AND DEVELOPMENT PROGRAM

_.2. l General

CLip removal has been found to be an extremely important factor in the

accomplishment of successful dry drilling, it is necessary that the chips be

promptly removed from the hole not only to avoid mechanical binding by the

chips themselves but to remove the heat which is contained in the chips. Ex-

perience has shown that if the chips do not move quickly up the hole, high

temperature in the region of the lower core barrel results in expansion of the

drill which in turn aggravates the situation by causing friction against the side

of the hole. This situation escalates over a period of a few seconds until tS:_

drill expands to the point that it grabs the side of the hole. The problem of

chip removal is two-fold: it is partly a matter of bit de_'t_n to move the chips
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to the outside of the hole and partly a matter of the design of a mechanism to

lift the chips out of the hole.

3.2.2 Objective

The objective of the chip removal program is to devise a system which is

capable of removing chips expeditiously from the immediate region of the bit,

transporting the chips up the core barrel, and depositing them in a chip

basket.

As discussed in the previous section, the moving of the chips to the outside

of the hole where they may be picked up by an auger flight is a problem of bit

design and will be covered under the bit development program.

3.2.3 Approach

A theoretical and experimental program should be established on a parallel

basis to study the problem of chip removal. The theoretical program would

establish an understanding of the mechanism involved and the experimental

program would serve to verify theoretical conclusions and l.rovide additiona'.

inputs to theory.

_.2.3. I Theoretical Program

Itis necessary to develop a mathematical model which will describe the

motion of the chips from the time they clear the bit face to the time that

they are deposited into the chip basket.

the variation of such parameters as:

• Gravity

• Mass

This model should consider and allow

Pa rtic le size

Density of the ambient gas

Drill penetration angle

Auger flight angle

_)rill rotation speed

Clearance between the hole and the auger flight

Auger flightwidth
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The model should then be used to optimize the system design features to

optimize the chip removal capability of the drill.

One additional problem that must be theoretically investigated is that of

placing the chips in the chip basket. Since the centrifugal force and the lift

furnished by the auger flight• gives a resultant velocity vector which is upward

and outward, it is necessary to reverse the direction of this vector to turn

th_ chips in toward the center of the core barrel and allow them to fall to the

bottom of the chip basket. Under lunar gravity conditions some jamming of

chips at the chip basket opening may occur, and unQer any conditions proper

reversal of the velocity due to centrifugal force may be difficult. The theoreti-

cal study should recommend techniques for accomplishing this design.

3.2. 3. 2 Experimental Program

The experimental program for the developm,,_n _. of chip removal techniques

would be closely coordinated with the bit development program, since the de-

sign of the bit face and proper operation of the bit is intimately associated

with the ability to remove chips.

Experimental techniques should be devised to:

• Lift chips 15 feet and deposit them in a chip basket

• Monitor the movement of the chips by visual o:r other means

• Evaluate the efficiency of the system to deposit chips in a chip basket

• Verify the results of the theoretica, program with regard to variations

in drill system parameters

• Provide means of visually monitoring and photographically recording

the performance of the chip removal system.

While it is highly desirable to develop a chip removal system that will

permit a drill to be designed for operation without coolant, alternate designs

should be considered which would incorporate a cooling system. As in other

design considerations, the design of the bit should be closely coordinated with

the chip removal system design.

3-7



3.3 GEAR BOX DEVELOPMENT PROGRAM

3.3. I Objective

The objective of the gear box development program is to ensure the produc-

tion of a gear box that will operate for extended periods of time in a vacuum

of I0" I0 Tort and under temperature variations ranging from -250"F to ÷250"F.

3.3.2 General

The gear box delivered with the engineering model of the drill has not been

subjected to the low vacuum or extreme temperature variations to be expected

on the moon. It is believed that by using the solid lubricant techrfiques oper-

ation in vacuum would be possible - the limiting factor would be the lifetime

of the solid lubricant components. However, the extreme temperatures pre-

sent problems which were not seriously attacked during the initial phase of

the program. The present gear box is designed to operate over a temperature

range of -40°F to ÷I60°F. No development effort was expended to ensure

operation outside these temperature limits.

_. _. _ Approach

Initial effort should be expended in a study program which will examine the

probl,.m area_ _hat have become apparent in the course of the present contract.

Specific areas to be investigated would include:

a. Materials - The pre3ent design would be reviewed to assess the com-

patibility of the materials used under extreme temperatures and to explore

tht. possible use of other materials.

b. Temperature Control - Methods of controlling the temperature of the

gear box would be investigated and estimates developed for weight and power

of alternate techniques.

c. Lubrication - Lubrication techniques would be examined to determine

the advisability of further development of solid lubricants for drill system

applications as well as evaluation of alternate lubrication methods such as

syr_thetic fiber gears, lubricant reserviors etc. Weight and reliability penalties

for alternate approaches would be evaluated.
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d. Various conceptual designs using combinations of a, b, and c above

would be evaluated and appropriate tradeoffs of weight, volume, reliability,

ere, accomplished. These conceptual designs would be fully analyzed to ensure

proper opt.ration under lunar conditions.

A development program should be carried out in varall_l with an in support

of the study program. Tests of various materials, lubrication techniques,

and temperature control techniques, should be tested under the extreme en-

vironmental conditions anticipated for the operational gear box.

The functions of the present gear box would be reevaluated in the light of

the experience already obtained and the current appraisal of the operational

drill requirements. Changes and/or improvements in the present design

would be made to take advantage of this past experience and tests of the new

gear box configurations would be carried out as necessary to establish their

validity.

_. 4 DRILL STRING COUPLING DEVELOPMENT PROGRAM

3.4. I Obr_.ctive

The obj_.ctivt, of the drill string coupling devt. lopmt.nt is to design drill

string couplings which will permit a qulck, slmple connection of the drill

string elements while providing a reliabh, seal of the bit cooling passages and

a reliable mating of the bit temperature st.nsing circuitry contacts.

3.4. 2 General

In view of the space suit limitations imposed upon the type and degree of

effort which the astronaut can apply, and the time and difficulties presently

in,,olved in obtaining an adequate coolant seal and contact mating, it is evident

that the drill string couplings must be improved. The bit to core barrel, core

barrel to core barrel, core barrel to drill rods, etc couplings require the use

of supph.mentary gaskets to assure the coolant seal. Failure of the gasket to

s,_,.] may short out the electrical leads or leak tl, e coolant to the exterior of

the drill string. The external leakage, in earth ambit.nts, could cause a chip

binding situation or the loss of a critical am_unt of coolant. In lunar envircm-

ments, the coolant loss could seriously limit the mission.
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3.4.3 Approach

Prior to a study program which will examine the problem areas which hdve

become apparent, the following efforts should be expended.

a. A study should be made, closely coordinated with the diamond bit

development and the chip removal study and development programs, to deter-

mine the possibility of drilling utilizing bits and other drill string components

without coolant or a temperature sensor. During the final drill system testing,

the delay in delivery of the outer core barrels and the approaching contract

end date influenced the use cf an experimental core barrel, which could not be

sealed adequately. The results of the limited drilling without coolant, performed

to test out the lunar drill and protection subsystem while utilizing bits of the

deliverable bit design, indicated that there is a reasonable possibility that bit

cooling and bit temperature sensing can be eliminated.

b. Should the limited data be corroborated b/ the above study and ex-

periments, a study should be made to determine the simplest and most reliable

mechanical coupling designs for the drill string components. These designs

should take into consideration both manual and automated methods of coupling

the drill string elements together and the results htilized in the Automation

Study.

It should be noted here that if bit cooling and bit temperature sensing can

be eliminated, the necessity of such hardware as the external radiator, hoses,

valves, rotary joint, internal drill string wiring and complex core barrel and

drill string channeling and joints would cease to ex__st. The drill system re-

liability, weight and size would be influenced favorably while cost, complexity

and astronaut time and energy requirements would be reduced.

Should the results of the program indicated above prove negativesthe follow-

ing studies should be made:

a. A study should be made to provide a relatively simple sealing and

coupling mechanism which would be within the work capabilities of the astro-

naut.
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b. A study should be made, in close coordination with the Automation

Study Program, to develop a simple reliable sealing and coupling mechanism

for the automation design.

3.5 DRILL MOTOR STUDY PROGRAM

3.5. 1 Objective

The objective of the drill motor study program is to ensure the production

of a drill motor which will operate reliably during the lunar drill mission.

3.5.2 General

The dc drill motor delivered with the engineering model of the drill has

not been subjected to the low vacuum or extreme temperature variations ex-

pected on the lunar surface. Testing in earth ambients has indicated that the

operating time expectancy of the motor is in the ord,,r of 8 to l0 hours before

failure. The sealed motor design evolved utilized a closed thermal control

syst,.m _,mploying UCON, a polyalkyline glycol, as a coolant. Design com-

promis_.s made to keep weight and volume to a minimum rc.duced the functional

capability of the internal pumpand the adequacy of the commutation. It is

necessary to employ an external pump, which has been provided, for coolant

circulation. The UCON appears influential in reducing the life of the commu-

tation and the brushes. The rotating seal design and the external heat exchan_.r

appeared to be adequate. Ln view of the short operatin_ time obtainable with

this design, Westinghouse has provided an air-cooled motor of the sam_. param-

eters and a suitable power conditioner for the drill system evaluation tests.

Additional study and development will be necessary to lengthen the sealed

motor lifetime for lunar applications.

3.5. 3 Approach

Effort should be expended initially in a study program to analyz_ the prob-

lem areas which have become apparent in the course of the present contract.

As a result of this analysis, the following studies should b_ made.
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a. A study tu determine if there is any practical solution to the improve-

ment of the reliability of the present design by the improvement of the life

limiting components.

b. A study should be made to determine the optimum motor concept

consistent with the weight, volume, power supply, and interface dimensional

restraints and consistent with an external thermal transfer subsystem which

meets the weight, deployment, operational and interface restraints of the

drill system.

c. An experimental model of the optimum motor should be constructed

and teste_" to determine the validity of the study.

3.6 LUNAR DRILL AUTOMATION DEVELOPMENT PROGRAM

3.6. l Objective

The objective of the automation development program is to design a lunar

drill that provides maximum automation within the bounds of the allowable

weight and volume.

3.6.2 General

In view of the current space suit problems facing NASA, it is evident that

a high degree of allton ation is desirable in any lunar or space hardware.

However, it must be recognized that automation has its costs in developmc-nt

time, additional weight, additional volume, and reliabilit . These factors

represent dollar costs to the program and the exclusion of other experiments

from the lunar payload. The decision to fully automate and accept these

penalties is therefore one which should not be made lightly nor can it be made

unilaterally by the lunar drill developers.

3.6. 3 Approach

Sufficient experience and knowledge is at present available to allow a study

of automation and automation requirements for the lunar drill. For such a

study to be meaningful, mockups of proposed new hardware will be built and

the present engineering mod_l will be made available for laboratory simulation

and evaluation under simulated lunar operating conditions.
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The following are representative of the sequence of activities to be followed

in carrying out the study and laboratory program:

a. An operation profile would be generated to determine all of the func-

tions to be performed in the operation of the drill.

b. These functions would be described in detail.

c. Engineering design concepts would be generated to carry out these

functions automatically, semiautomatically, and m?nually.

d. A time-line analysis would be performed to dvtermine the time re-

quired for an astronaut to perform each of the functions. Laboratory v_,rifica-

tion of this analysis would b, necessary. The timv saved by autt,matin_ each

process would be determined.

e. Based on the above enginl.crint: dt. sign conc_.pts, a wt, ight analy.cis

would be p_.rformed to d_,t_,r1_lin,, the. _v_,icht pt, nalty for performin_ ,.ach func-

tion automatically.

f. trade.off studi_.s of a_tr,,naut tim_. versus w_.ight pt.naltx ,v_,ul(t b_.

conduch'_l.

_2. 'I'r:_,t,,,:f studit's ol rt. liability v(.rsus additicmal ct)mph, xit_ ,.v,,ul_i b_'

carri_.d o,._t.

h. Fh_. _,,i_tr,Jl ,,_n, tl,,z', ._,,ul¢i b_. analyzt.d t_, _2t.t_ rl_..in_ '._h,_t , ,,l_tr,,i>

arc' necvssarv i_ |,,tt_ : .t ,_,;,_, ,,h,l st.n_iat_tomati_ _\ st, _._.

i. At, diti_,nal , ,l,,.r_wntaticm wuuld be carrit.d otzt ut_lizin_ thv _-,od¢l

of tile lunar drill t_, _i_.tvrn_x_ , _mtrol set'h_g_.

j. In k,.,'ping with the general philosophy' of automation develop_.d as

a result of th,. studi_,s described above, additional manual or automatic c_m-

trols _oul¢. _ bt incorp_ratt.d into the present systt I_.a a_ _:ecessarv.

k. Geological information is inherently available '.'tom dril'_ _nf,,rmat_on

such as thrust and pen,:trat'.on rates, requirt, d t_rque, t.tc. Provisions would

be rn_dv t,, r,.ad out and r_.cord such information. It is believt, d that the.

_a),,rit_ ,,f such informati_n is alread\" available in tht. curre._t c¢_ntrcl syst,.rn..

lh,w_.v_.r, if additional sensc, rs are necessar,,., the'v _voul_ bt' in_,rp,_rat_.d.



Provisions would be made for remote monitoring of all pertinent operational

and scientific information. If it is desirable, such information could be relayed

directly to earth laboratories.
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APPENDIX A

BIT DESIGN AND CUTTING REMOVAL

A. I INTRODUCTION

This appendix describes in chronological order the iesting program

conducted during the lundar drill prograzn, _i; an attempt to optimize the bit

design. Since the design of the bit was greatly _nfluenced by chip removal,

the bit design and chip removal are treated together.

The first three major sections deal with the feasibility of diamond core

drilling in the atmosphere and in a high vacuum without an external flush-

_,ng agent. The fifth and sixth sections are oriented toward a suitdble bit

dr-sign and the seventh and eight deal with achieving a design for making dry

diarnor.d core drilling a practical technique; that is, extending the bit life

(total pent-traction) to a figure compatible with drilling to depths of at least I00

feet. The 8th section covers the bit .esting during the Pre-Acceptance

Drilling Test¢ and Acceptance Test.

A.Z DRY DIAMOND CORE DRILL BIT CUTTING TEST AT EARTH AMBIEIXT

A.Z. 1 Introduction

The past experience of the drilling industry has indicated that a diax_ond

core drill bit requires the use of an added external or forced liquid or gas as

a flushing and/or lubricating agent. Without this "_ctive medium the bit will

heat up and destroy itself or become "._-uck." The latter action is called

"core blocking" and is utilized _n the drilling industry as a technique for

recovering core samples.

In order to understand the mechanics of diamond core drilling without an

active ILquid or gas, the subject test was devised. The test was set up to

observe temperatures of the diamond core drill bit and the rock and the

action of the drill on the rock when an active liquid or gas v, as not u_d.
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A. 2.2 Test Method

The diamond core drill test was arranged so as to drill a hole vertically

in a piece of basalt rock. The basalt rock was clamped to the ceiling, and

the upward drilling operation proceeded with the basalt cuttings falling free

from the cutting face of the bit by the action of gravity. A vertical face of

the basalt test specimen had been cu*. smooth with a diamond saw, and the

specimen was so oriented that a test hole 12 inche_ deep could b-. drilled.

The 2-I/16-in OD industrial diamond bit used for the test was started into the

rock so the I/4 in to 3/8 in of the bit diameter was extending beyond the

smooth cut side of the specimen, figure A-I. Chip removal was accomplished

by centrifugal force and therefore the diamonds of the bit could be observed

during actual drilling as they left and then entered the kerf being cut in the

specimen. The first and third holes were drilled in this fashion. The second

hole was cut entirely within the basalt specimen; consequently, no part of the

bit face was exposed for observation.

A. 2. 3 Test Ec_uipment

A. 2. _. I Industrial Diamond Drill

A Model 405 Longyear industrial Drill Feed Mechanism with a 2-hp

electric motor was used to feed the Z-1/16-in OD industrial diamond core bi',

into the rock specimen. This Longyear drill has an efficient ball type feed

screw with a 0. Z00-in pitch on the feed screw. The driving miter gear is

connected to a 4-1/Z-in handle turned by the operator. A two=speed. 2-hp

Milwaukee motor rotated the bit at a free speed of 1000 rpm. The lower free

speed of S00 rpm was not used during the test. The electric motor was rated

at IZ amp, 120 volts ac.

A. 2.3.2 Industrial Diamond Bits

Two standard Longyear Industrial Diamond Bits were used for the test.

Bit No. 1 Longyear Model No. BH12

Industrial Diamond Bit

2-1/16 inOD by 1-3/4-in ID by 14-in long 5/3Z-in kerr

Irr, bregnated bit
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Figure A-I. Dry Diamond Core Bit Drilling Test

A-3



Bit No. 2 Longyear Model No. BH2

Industrial Diamond Bit

2-I/16-in OD by I-3/4-in ID by 14-in long 5/32-in kerr

Surface set bit

A. 2.3.1 Basalt Rock Specimen

The basalt rock was obtained from the U.S. Bureau of Mines at Fort

Snelling. The top and side faces had been cut smooth on a diamond saw.

The approximate dimensions of the rock were 6-in x 12 in x 12 in. The

rock, mined at Dresser, Wisconsin, had a Shore hardness of 79 and a

compressive strength of 43,000psi.

A. 2.4 Test Instruments

A. 2.4. 1 Clamp-On Ammeter

An Ampro clamp-on type _f ammeter was used for measuring motor current.

A. 2.4.2 Photo-Tachometer

A Pioneer photo-tachometer was used to read bit rotational speed. A

five-band strip was attached to the bit with drafting tape.

A.2.4. 3 Pyrocon Thermometer

This thermocoupte type instrument was used to measure the temperature

of the bit matrix at the end of each run; temperature rar, ge: 0 to 400"F.

A. 2.4.4 Tempilaq

The following temperature sensitive lacquers were applied to the bit to

determine the maximum temperature attained by the bit.

A. 2.4.5

No. Temp Color

1 306"F Yellow

2 350"F Grey

3 413"F Lt Pil._k

4 475"F White

Tempilstik

The following range Tempilstik

the maximum bit temperatures:

were also applied to the bit to d_termine
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A.Z. 5

No. Temp

I 500*F

Z 600*F

3 700"F

4 800*F

5 900"F

6 1400"F

7 1600*F

Test Procedure

Color

Blue

Red

Orange

The test equipment was set up as shown in the illustrations and bit no. l

(diamond impregnated bit) was started into hole no. 1. The bit was advanced

into the underside of the rock until it was cutting around the complete bit

diameter.

A stop watch was used to measure the duration of the test. The operator

advanced the bit into the rock by turning the feed handle at a rate which kept

the drill motor operating at approximately its rated hp as indicated by the

current shown or, =he ammeter.

A.Z. 5.1 TestNo. 1

This was a preliminary run to determine initial cutting foasibility and to

check the method of taking temperatures and getting the approximate range

of bit temperatures. The drilling area was darkened and drilling was contin,_.ed

u),til cuttings of a dull red color were observed at the exposed sector of the

bit.

A. 2.5.2 TestNo. Z

This test was carried out exactly as test no. 1 with the same bit and in the

same hole) but the test was stopped whet. the du!! red cuttings traveled

across the entire exposed sector of the bit.

A.Z. 5.3 Test No. 3

This test was the same as tests no. 1 and no. 2, but it was continued until

the drill reached the end of its stroke (approximately 6-3/4-in hole). As
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would be expected of an impregnated bit, close examination showed that a

few diamonds has been torn from the bit; however, the bit was still in good

shape. The faster drill rate of 3.68 in per minute was partially due to the fact

that near the end of the hole more of the bit was exposed.

A.Z. 5.4 Test No. 4

Test no. 4 was conducted using the same bit (bit no. I) but a new hole was

started. This hole was completely within the basalt rock specimen; the dia-

monds and matrix were not _isible. Since the cuttings could not as easily be

removed from the hole, a much greater torque was recuired to turn the bit.

Evidently, the bit became damaged due to binding and overheating caused by

inefficient chip removal. At about the same time, the line fuse blew and

abruptly stopped the test. No time was recorded as the lights failed also.

The bit was withdrawn from the hole and Tempilstik marks indicated a temper-

ature over 1600*F. The high temperature had destroyed the cutting ability

of the bit.

A.Z. 5.5 Test No. 5

The surface set bit (bit no. Z) was used for this test and a new hole was

started (hole no. 3). The operator of the drill applied a constant 10-lb force

on the feed handle. Drilling through 11-1/4 inches of basalt under these

conditions caused little dan,age to the bit.

The e tests are summarized in table A-1.

A. Z. 6 Conclusion

The results of this test have indicated that:

a. Most of the mechanical energy of the drilling is converted into heat

in the cuttings. When a piece of paper was held to catch the cuttings, the

paper charred. Even though the diamond cutting area appeared to glow red,

the temperature of the drill bit did not exceed 600"F provided the cuttings
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were removed effectively. In t_s test, centrifugal force I coupled with

an "open" hole provided an effective cutting removal technique.

b. If the cuttings were not removed, the heat in the cuttings over-

heated both the drill bit and the rock sample and caused a failure.

c. Under these "dry" drilling conditions a set bit was more effective

in cutting a core sample from rock than an impregnated bit.

A. 3 DRY DIAMOND CORE DRILL BIT TEST AT HIGH VACUUM OF 10-9

TORR

A. 3. I Introduction

The previous b1_ test-s in paragraph A. 2 indicated that an active liquid or

gas was not necessary as a flushing agent, but that a mechanical technique

employing centrifugal force could be used. Since the test was performed

under earth ambient conditions, it is possible that the molecular film of air

could have acted as a lubricant for the diamonds. The subject test was

performec' in a high vacuum to determine whether this molecular film of

air was critical.

A. 3. Z Test Method

Diamond bit core drilling without an active flushing or cooling medium

was first conducted in air on both basalt and granite to allow comparisor

with drilling in vacuum. These tests were followed by outgassing tests at

a pressure of l0 "8 Torr, and finally, by a test at the maximum attainabl*e

vacuum of 5 x 10-9 Torr

The diamond drilling test setup arranged to drill a hole vertically down-

ward i,lto a piece of basalt reck and a piece of charcoal granite. The rock

cuttings were removed from the cutting face by centrifugal force.

In all cases, the rock specimens were oriented so that a test hole 6 inches

deep could be drilled. The Z-1/16-inch OD industrial diamond bits usecl for

the tests were started into the rock with l/4-in to 3/8- in of the bit diameter

1. This centrifugal action has been incorporated as part of the "snow plow"

auger flight cutting removal technique desc.-ibed in paragraph A. 5.
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extending beyond the _.ex-ti.¢_l,f_¢ of the specimen. With the cutting face

exposed in this fashion, the chips could be removed by centrifngal force and

the diamonds on the surface set bits could be cbserved during the actual

drilling.

A. 3.3 Test Ec_uipment

A. 3.3. I Industrial Diamond Drill

A Model 405 Longyear Industt-ial Drill Feed Mechanism with a 4-hp

electric motor was used to feed the 2-I/16-in OD industrial diamond core

bit into the rock specimen. The Longyear drill has an efficient ball-type

feed screw with a 0. 200-in pitch on the feed screw. The feed screw is rotated

by a set of miter gears. The driving motor gear is connected to a I/2-hp

electric motor. Special vacuum rated solid lubricant was applied to the gears,

feed screw, and associated parts.

A. 3. 3.2 Industrial Diamond Bit _ "L

Two identical Longyear Industrial Diamond Bits were used for the test.

Bit No. I was used for drilling under atmo.¢phere and during outgassing while

Bit No. Z was used for the drilling at the maximum chamber pressure of 5

x I0-9 Torr.

A. 3. 3. Z Bit No's. I and 2

Longyear Model No. BH2 Industrial Diamond Bit 2-1/16in OD by I-3/4-

in ID by 8-9/16-in long, 5/32-in kerr Surface S,-.t Bit

A. 3.3.3. Rock Specimens

A. 3.3.3. l Basalt Specimen. - This rock was obtained from the U.S. Bureau

of Mines at Fort Shelling. The approximate dimensions of the rock were

8 in long by 12 in by 12 in. The rock, mined at Dresser, Wisconsin, had

a Shore hardness of 79 and a compressive strength of 43,000 psi.

A. 3. 3.3.2 Granite Specimen. - The charcoal granite was obtained from the

U.S. Bureau of Mines at Fort SneIling. The approximate dimensions were

8-in by 12-in by 12-in. The rock, mined at St. Cloud, Mirresota, had a

Shore hardness of 91 and a compressive strength of 33, 300 psi.
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A. 3.4. I Axial Thrust System

A 60 Hz, 1140 rpm, I/2-hp induction motor with solid lubricant vacuum

rated motor bearings was used in conjunction with a 24Z:I ratio harmonic

drive to advance the bit into the rock. The haTmonic drive was plated with

a solid lubricant. This combination provided a bit advancing rate of

approximately l-in/rain.

A. 3.4.2 Drive System

A 400 Hz_ 5700 rpm, 4-hp, 240/416 V induction motor with solid

lubricant motor bearings was used with a 637:1 ratio singlc stage planetary

gearbox to drive the bit. The gear teeth and bearings were plated with solid

lubricant. Insulation of the motor was a high temperature, low outgassing

ML type.

A. 3.5 Test Instruments

A. 3.5. l Power

Appropriate voltmeters, ammeters, and watt meters were used to monitor

the oFeration of the 400 cps power supply and measure the input power to

the motors.

A. 3.5. _ RPM

A strobotac was used to measure bit rotation speed during the atmosphere

tests. This device could not be incorporated into the chamber for the vacuum

test.

A. 3.5. 3 Temperature

Copper-constantan thermocouples were used to monitor the temperature

of the motor windings, the motor frames, and the chamber shroud temper-

ature. Temperature readings were recorded on a 24-point thermocouple

temperature recorder. The diamond drill bit temperatures were determined

with the aid of temperature ser.sitive lacquers (Tempilaq). These lacquers

ranged from 450 to 1600*F in approximately 100*F increments.
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_A. 3o5.4 Chamber Pressure ........ - .... _ _ - .......

A'Kreisman Nude gage was used to m_asure the vacuum. The gauge was

18 inches from the shroud and approximately 4 feet from the drill bit. It was

shielded against radiation from the drill rig.

A. 3.5.5 Penetration

Scale marks on the bit and a stop watch were used to determine the

penetration rate of the bit. Visual observation was possible through the

chamber window while under vacuum.

A. 3.6 Test Procedure

The assembled rig and support were set up outside the vacuum chamber for

preliminary runninF in air. At the same time, power and thermocouple

feed-through connectors were installed in the vacuum chamber and (t_ecked for

continuity. A pumpdown check of the vacuum chamber was then completed,

........ .... __-:_:--_: " " s'g6f t_m"-___'-'_-_b_i_ -wl' pumping continued, to ensure the cleanilne

pumpdown showed a rate of pumping from 73 microns to 1 x 10 -_ Torr in 1

hour and 40 w, inutes using only the 10-in diffusion pump; a tight system w'a._

indicated. In all trials, the bit w'Js advanced into the rock un',il it was _utting

completely around the t_it diamvtt, r. Tke bit was tken r_tract_.d ._lig:}_ly by

the feed motor, the dr_ll motor xva_ brougF.l ,lp to speed (9fiO rpm) ,,,_d the

bit was advanced oy the: Ivt.d n_otor upoa (o,_i:_-_d c..f tt:_ _st ,,pt.:',,t. ".

A stop w:'tch _a.-, used t_, measure the duralion of tF, t, test.

A. 3.6. 1 Trial No. 1

This was a preliminary run in air to obtain control data of dry diamond

core drilling granite and to check the instrumentation an" feasibility of the

prime mover systena. Bit No. l penetrated the granite sample to a depth of

5-1/4 in at which time, the drill motor stalled. Later examination revealed

that the feed motor shaft key had dropped out of its keyway due to faulty

design of tbe key and possible binding of the bit. This binding was attributed

to poor chip removal that resulted a.q the drill unintentionally penetrated the

last 3/4 inch with full cir(umfererlce.
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The drill bit temperature rose above 45_0"F per Tempilaq. but the upper

limit could not be determined because the tempil_q rubbed off when the bit

became bound.

A. 3.6.2 Trial No. 2

This test was carried out in the same fashion as trial no. I using the same

bit and a basalt sample. The drill ran at 940 rpm taking a core 5-3/4 inches

in length (core no. 2) with 80-percent sectiol The sample cracked at a

penetration of 5-3/4 inches due to faulty planes in the basalt. The bit

reached a temperature between 650 and 800"F during this trial.

A. 3.6._ TrialNo. 3

This preliminary test was run in the same fashion as trials I and 2 except

that the drillir,g was d'>ne under vacuum to check initial feasibility and to

outgas the equipment. Upon installation and checkout of the system in the

vacuum chamber, the pumlxlown was initiated. When the pressure reached

6 x I0 "8 Torr with a shroud temperature of -Z90_F, drilling was initiated.

Drill bit no. 1 was used in _ basalt sample to cut core no. 3. Penetration

c_,ntinued to l-l/4 inches, at which time, the drill motor current rapidly

increased and caused a shutdown. Attempts to restart the drill motor were

unsuccessful; binding in the drive gearbox was indicated. During drilling,

the motor and rock outgassing has increased the chamber pressure to 3 x

I0 "6 Tort. It w_s noted that when the motor current increased over normal,

the chamber pressure rose rapidly by a deca,.le and decreased rapidly when

the motor was turned off, indicating outgassing from the drill motor.

Examination of the bit revealed no damage. Its condition after drilling

was identical to its condition prior to the test. Tempilaq measurements

indicated a maximum temperature of less than 450"F.

Examination of the drill rig revealed that the bushings in the planetary

gears had failed causing the unit to become jammed.

A-IZ "



A. 3.6.4 Trial No. 4 _:_ "

Upon the installation of a new drive gearbox incorporating Westinghouse

Research Lab's gallium-indium bushing in place of the "surf-coated" bronze

which had failed during trial no. 3, this second preliminary vacuum test

proceeded. As in trial no. 3B the cutting was initiated _t a chamber pressure

of 6 x 10 -8 Tort. Bit no. 1 was again used to cut a basalt core (core no. 4).

During drilling, the pressure leveled off at 4 x 10 "6 Tort. At a depth of

3-I/Z inches drilling was stopped and the drill motor th.'ust bearing, which

had risen to a temperature of I20*F, was allowed to cool. When the chamber

pressure reached I. 7 x 10 -8 Tort with a shroud temperature of -285"F,

drilling again proceeded. Drill.ing continued for 2.5 minutes, at which time,

the maximum programmed depth of 6 inches was reached.

Examination of the bit revealed a maximum temperature of less than 45G*F

and no visible damage. The penetration rate • was as programmed -

approximately l inch per minute.

A. 3.6.5 Trial No. 5

With the successful completion of the ambient atmospheric tests (t"ials

I and Z) and the preliminary vacuum outgassing tests (trials 3 and 4) the

chamber was prepared for high vacuum operation. The shroud was sealed

tight and readied for full LN Z pumping. The test setup and basic procedure

were the same as for trials 3 and 4 with cutting proceeding in l-inch incre-

ments. Bit no. Z was used to cut a core (core no. 5) in a basalt sample.

The hole was started 1/16 inch deep to assure proper centering. The drill

was then retracted for checking and started. The hole was "collared" to

I/4 inch deep and the bit checked for centering to reduce the posslbility of

side thrust. The bit was then retracted to 1/16 inch clear of the rock face.

To keep the - ,otors and gear boxes warm while the shroud was being cooled

for h,gh operation_ two 12oinch long 1000-watt IR quartz tubes were installed

on the rig.
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After a 12-hour pumpdown, the chamber p_essure was at 8. a x 10 -8 Torr.

The motors were then checked for starting and allowed to run approximately

2 minutes. With both motors running, the pressure rose to I. 2 x 10-7 Tort

and then decreased immediately when the motors were stopped. At 10:35

a.m. on 22 September 1965, the chamber pressure leveled off at 6.2 x 10-9

Torr. The drill motor was started and the pressure rose to 2 x 10 -8 Tort.

With both motors running, the pressure rose to 1 x 10 -7 Torr and finally

leveled at 3.8 x 10 -7 Tort while drilling 3/4 inch (to 1 inch total depth).

The drill was then stopped and retracted from the hole. When the chamber

pressure reached 1.2 x 10 -8 Torr at 10:41, cutting was again started. The

pressure rose to 3.7 x 10 "7 Torr and held during i-1/4 inches of penetration

(total depth 2-1/4 inches).

At 1.1 x 10 "8 Torr drilling again commenced. The pressure held at 3.6

x 10 "7 Torr while cutting 1-3/8 inches (to total depth of 3-5/8 inches). When

cutting was stopped at 10:51:20, the pressure had increased to 4 x 10 -o Torr.

Within I minute after motors were turned off, however, the pressure had

dropped to 2.5 x l0 -8 Torr.

At ll:18 the chamber pressure had reached a maximum vacuum of 5 x 10 -9

Torr. Cutting was started and it was decided to cut to the maximum depth

of S-3/4 inches on this run. The pressure stabilized at 3.8 x 10 -7 Tort

during the penetration to 5-3/4 inches. The drill rig was then shut down and

the chamber prepared for re-opening. Examination of the rlrill bit upon

re-opening revealed no damage to the diamonds or the mastic.

A. 3.7 Summary and Conclusion

The cutting of a basalt and granite core sample at a high vacuum was

accomplished by using a 2-1/16-in.diameter industrial diary.end drill bit alld

a modified drill stand supplied by the E.J. Longyear Co., together with

driving and advancing mechanisms and motors furnished by Westinghouse.

These were provided with specxally treated bearings and solid lubricants and

assembled at the vacuum research facility of the Pittsburgh-Des MoiRes
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Steel Company. The equipment was first checked on blocks o! granite and

basalt in air.

Preliminary tests were then cot:ducted in a vacuum environment of 10 -8

Torrt followed by tests at pressures in the 10 °9 Torr region. Although

a goal of testing in the I0 "I0 Torr pressure range was desired, the high

outgassing rate of motors, drive components and rock prevented reaching

and holding this degree of vacuum. During time, the vacuum _'as in the range

of 10 -7 to 10 -6 Tort.

The chamber pressure was measured by a Nude gage 18 inches from the

shroud and placed approximately 4 feet from the drill bit. It was shielded

against radiation from the drill mechanism. The pressures measure.d,

therefore, r re not truly representative of those the bit itself saw.

In each of the tests, drilling was performe_.along an edge of the rock

sample, allowing approximately 20 percent of the bit circumference to be

exposed. This arranrement permitted the chips to escape from the cutting

face and subsequently prevented binding of the standard industrial bit which

was not designed for dry chip removal.

"Ihe drill bit temperatures were obtained by observing the effect on

Tempilaq compounds applied to the circumference of the bit. The maximum

temperature indicated during the vacuum tests was less than 450"F. During

cutting in airt temperatures between 650"F and 800°F g ere observed.

Measurement of granite core no. 1, cut in air, indicated a bit expansion

due to a temperature change of approximately 540"F.

At the conclusion of the tests, both drill bit appeared unaffected except for

the loss of a few diamonds from bit no. 1, re,s*, of which had occurred during

the binding period at the end of trial no. 1 where an unintentional full cutting

kerf did not allow escape of the rock chips.
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Drill bit speeds were between 900 and 940-rpm. However, some amibiguity

existed in readings of input power. For this reason, credible information

was not obtained which could be related to torque or thrust.

Penetration rates were approximately the same as in air, and generally

were in accordance with the calculated rate of slightly less than 1 inch/minute,

considering possible errors in timing. The fluctuations in the following table

of recorded penetration rates indicate an inconsistency in the timing and also

play in the feed screw rather than effects on penetration due to vacuum.

PENETRATION RATES - (in/rain)

Note: Bracketed numbers indicate respective cores.

Test Conditions

Air

Vacuum, (10 "8 start,)

(10 "7 during cut )

Vacuum, (5 x 10 "9

Torr start,)

(10 "8 x 10 "7 dul!ng

cut)

Feed motor and gear

rates give a calculated

penetration of 0.94

in/rain

Granite Basalt

(1) 4-3/4 in _ 0.95 (a) 5-3/4 in
5 rain 5-I/2 rain

Including 3/4- i$.,,:+_:
full kerr

13) l-l/4 i_
-0.52 ?

2.4

(4) 3-1/2 in

3-1/z = _"o

(4) 2-1/z in
Z-l/Z = 1.o

= 1.04

(.5) 3/4 in
-0.75

I

1-1/4 in

1-1/z = o.9o

1 - 3/8 in

1-1/3 :1. o3

112 in
1-_--- = 1.00

I-5/8 in

2- 1/0 = O. 65

Average =

5- 1/2 in
-0.81

68
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The results of this test have indicated that when earth rock is drilled by a

dry diamond core drill in a vacuum of 10 .6 Torr I that the effect of an increase

in the coefficient of friction was not notice,,ble. Should the rock on the moon

not contain a gas that will be released on drillingsthen the friction of the

diamonds may not be a critical factor. This can be understood by the work

performed by Bowden and co-workers which show that although the coefficient

of friction for the diamond against diamond at I0 "I0 Torr is 0.9, it drops

to 0. 15 at 10 -6 Torr. The lower value is more comparable to the coefficient

at atmospheric pressure (0.05). Should early lunar exploratior, indicate that

there will be no outgassing of lunar rock, Westinghouse would consider a con-

trolled leak to maintain a partial vacuum of 10 .6 Torr at the drill bit.

These tests have also demonstrated that a dry diamond core drill can cut

core samples from basalt and granite under high vacuum conditions providing

the cuttings were effectively removed. Temperature measurements made,

indicated that with efficient chip removal, the diamonds and mastic do not

reach destructive temperatures. In fact, while drilling under vacuum condi-

tions, bit temperatures were less than 450°1: " - a temperature at least 200"F

less than that reached during earth atmosphere drilling without a cooling or

flushing medium. The temperature difference while opera'ing in vacuum

may in part be due to the cooling of the rock sample by radiation to the liquid

nitrogen shroud. However, this effect would not account for a _00"F difference.

I. Although the Nude gage indicated a vacuum of 10 .6 Torr, the vacuun_ at

the drill bit must have been less d_J: to the impedance of the paths for

outgassing to the pumps.
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A. 4 FEASIBILITY OF CHIP REMOVAL WITH _ DRY DIAMOND AUGER
CORE DRILL AT HIGH VACUUM OF 10 .9 TO 10 -6

A. 4.1 Introduction

This test was performed as part of a series of tests for the lunar drill

program to meet the Priority Requirements A-Z of the contract. Sp<.cifically,

this test was to establish the feasibility of removing the cuttings during core

drilling operations in a vacuum without the use of an external flushing medium.

A previous drill test which was described in Appendix A3 and Appendix A of

the third progress report was unsuccessful in establishing chip removal

feasibility in a high vacuum. To achieve the objective of this test, _n augt. r

type bit design was tested and chosen (Appendix B, third progress report) and

the drill rig was modified to permit a maximum axial thrust of 400 pounds to

be applied to the bit.

The test was conducted at the High Vacuum Facility (set tabh. A-_') of th,.

Pittsburgh-Des Moines Steel Company Research Laboratory by reprt, st.ntativcs

of tht' Westinghouse lunar drill program team.

The auger drill bits used were of a spiral, surface set desigv. (dt._igt" C)

which had been tested during October and Nover.aber 1966 and qualifl, d fL_r

vacuum feasibility testing. {Ser: Appendix A, fourth progress rt p_,r' ,,r:cl th,

third progress report.) A slight modification to the basic do.-.igl, \v_,_ tht

_ddition of more OD and ID gage stones to increase th¢. r,.lit_!)lllty _f th, !,_',._

(flgure A-Z). The drill rig was modified, as describt.d abort., to limit ,,×i;,I

thrust while all other conditions were essentially the same as those l_.ovidt.d

tn previous tests on this series. To allow group observation of the drilling

action during the tests under vacuum, a clo.-ed circuit TV cam,.ra and

morntor were used.

A.4.2 Test Procedure

The drill rig was assembled with the same components us,.d in pr_.vtou_

tests except for the following modifications:

a. Drill drive gear box had been disassembled _ind r_.c o:.stitutt.d _it_,

fresh lubricant.
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TABLE A-L

VACUUM CHAMBER CHARACTERISTICS

The following table presents essential data ol the vacuum chamber.

Working Space :

Six feet, eleven-inch diameter, by eight feet

long -- inside shroud.

Shroud :

Three-zone, LN 2 cooled, optically and physically

tight, separable from outer shell, forming a

guard vacuum space.

Vacuum :

With shroud open I x I0 'B torr ;n live hours.

Inside closed shroud 5 x 10 -10 lorr in ten

hours or less.

Pumping Speed:

Gases condensible at I00°K - 2.6 x 10 -6 torr

lilers/sec non-condensibles- 20,000 lilers/sec.

Diffusion Pump:

Thirty-live inch 1",4r"RC - raled .50,000 lilers/sec

LN 2 cold batfle.

Bake-out :

275°F
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b. Advancing carriage reworked to provide means for maintaining no

more than 400 pounds axial thrust, using a platform loaded with appropriate

weights. See figure 1-4, third progress report.

c. An electromagnetic pickup was added to indicate rpm of the drill

bit while operating in the vacuum chamber.

d. Torque and thrust measuring gauges were not c sed, since previous

tests had provided sufficient information on these param,,ters.

Bit serial number U 2883 was installed with the unit o_ the floor of the

lab. A hole was collared 1/4 inch deep in basalt, with tLe drill bit rotating

at 940 to 9Z0 rpm. The feed motor was operated intt. rmittently to maintain

the advancing nut free from the drill carriage, thus permitting the 400-pound

weight to be the only thrust force acting on the bit.

After collaring, drilling proceeded by running for 30 seconds at a time

with 90 seconds between runs for a total of 21 runs in air. A core depth of

5-3/4 inches was reached at an average rate of 0.5,'5 inch per minute. The

core was segmented in approximately I/2-inch long pieces, each piece

showing evidence of interracial grinding. The bit appeared in good condition.

• Gear box maximum temperature wa_ 57:C (135_F)

• Drill motor power varied between 7Z0 and 780 watts

• Drill _peed was 9?0 rpm.

It was noted that the adaptt, r was slightl\ loose on th¢' motor shaft causing

some wobble of the drill bit, thereby contributing to the breaking of the core

on either st.artup or retraction at some intervals.

The rig was placed in the vacuum chamber with a new basalt sample and

another series of runs in air was made by operating for 30 seconds on, and

150 seconds off for II runs. Drilling proceeded to a 3-1/4-inch depth with

tht. same bit as above at an average rate of 0.59 inch per minute.

• Gear box maximum temperature was 54_C (129°F)

• Drill motor power - 780 watts

• Drill bit speod v:ri_'d from 918 to 917 rpm.

At thi._ timt., the s_p _::-_ det.n:t-d acceptable for vacuum testing.
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Bit serial number U 2881 was installed, and the basalt rock was positioned

for a new hole location. The hole was collared 1 inch deep and the chamber

was closed to start pumpdown. After I0 hours, the chamber pressure had

reached 2.8 x 10 -7 Torr, and both motors were operated for approximately

I0 seconds each. Shroud temperature was at -260°F. No outgassing was

observable.

At 12 hours from the start of pumpdown, the chainber pressure was at

9.2 x 10 "9
Torr and the shroud temperature was at -314°F. The feed motor

was started to bring the bit into the cutting position. Very slight outgassing

was observed from both feed and drill motor operation before actual cutting

commenced. A core of 4-I/_ inches was cut in 9 runs of 30 seconds each at

intervals of 90 seconds. The average cutting rate was I inch per minute,

with bit speed of 920 rpm. During the cutting periods, the chamber prt. ssure

ro_e to values between 1.0 x 10 -6 and 1.6 x i0 "6 Torr dropping back to

values of I. I to 2. I x 10 "8 Torr in the 90-second periods between drillings.

Drill motor power was generally in the range of 700 to 800 watts, with

ont. exc_-ption, when the power var1(,d from 540 to 900 wltts during the third

half-minute run. Maximum gear box temperatur(, x_s ?0 C (68_F).

During this test, a closed circuit TV chain with ima_ ortl_ict2u camera

was employed to display the drilling: dct_.or, on a 17-inch n_on-tor. Th('

camer_ viewed the scene through :, --i_htir.,t port in th,. chami)(.r and pt.r-

mitted excellent observation of the chip removal action. The major volum{.

of chips appeared to be ejected in a cone of about 60 degrees inciudt.d angle

surrounding the shank of the drill bit, and extending upward for a dxstance

of about I foot. A less dense cloud of chips was sprayed through the dust

shield slot to the side of the chamb_.r shroud and upwarci pa_t the drill

motor to the top of the shroud app_-oximately 3 feet frown the rock face.

Examination of the oit after this test reveah.d no apparent w_.ar or damaRe.

There was no evidence o f temperature eff_.cts and no obs,.rvabl(, los_ of

diamonds. The recovered core _a.- i. three s,._,n_,_nt_, loostly cor_ta11_t'd iI_

the bit.
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A. 4.3 Surnmary and Conclusions

The test successfully demonstrated the capability of the selected type of

diamond core drill bit to remove chips while drilling basalt in a vacuum

environment without the use of an external flushing medium. The terapera-

ture of the bit apparently remained below any damaging value. No diamonds

were lost. and the bit appeared in excellent condition after drilling 5-3/4 inches.

Attendees were able to watch the chip removal action on the TV monitor.

A plume of cuttings was observed being ejected in a generally vertical

direction from the hole. Some of the cuttings were thrown upward and

adhered to the top of the cylindrical shroud (located approximately 5 feet

above t_.e rock face).

The results of this test indicate that the auger type diamond core bits

designed for this demonstration are capable of efficiently removing chips

while drilling in basalt rock under a high vacuum environment with no

external flushing medium. I_ has also been shown that axial thrust must be

held at a value compatible with the speed of rotation and the bit configuration.

The increased penetration rate observed while drilling under vacuum

conditions may indicate better performance of the drill in vacuum than in air.

This increase in performance could be caused by outgassing of the rock

sample and cuttings which would aid in chip removal and bit cooling.

Evidt'nce of the amount of outgassing is given by the observed height and

density of the cloud of ejected rock chips cut during the test. Another

indication of increased cutting performance was evidenced by the condition

of the core which had broken into three segments and showed no evidence

of binding.

A.5 TEST OF THREE DIAMOND BIT DESIGNS U. _ _GAUGER FLIGIITS

FOR CUTTING REMOVAL

A.5.1 Introduction

It is important to quickly remove the hot cuttings from the face of a drill

bit to prevent excessive heatir, g of tile drill and also to prevent regrinding of
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the rock chips. Without efficient chip removal, drilling efficiency is reduced.

Greater thrust is required to obtain penetration into the rock because less

energy goes into actual cutting due to the energy lost in attrition of the

cuttings.

Preliminary tests described in Appendix B of the second progress report

indicate that auger flights on the outside diameter of a drill bit will quickly

and efficiently remove the rock cuttings. These tests used a special diamond

core bit having tapered auger flights (see figure A-3). The idea of using a

tapered bit to distribute the axial load and subsequent cutting energy was

shown to be unfeasible. This was due to an inherent weakness at the crown

of the bit and a high concentration of heat buildup at that area.

The purpose of this series of tests was to determine which of three new

chip removal bit designs would provide chip removal and acceptable cutting

efficiency when subjected to the drill parameters specified for the lunar drill

engineering model (4O0-1b thrust at 500 to I000 rpm). This paragraph de-

scribes the test program the bits were subjected to, as well as the evaluation

of the test data.

The bits that were tested at thi3 time all used auger flights for chip re-

moval. As seen in figures A-4, A-5, and A-6, the crown of each design

for the subject tests was different. Bits no. 3 and 4 had a spiral, surface

set design using IZ7 diamonds; bits no. Z and 6 had a multi-rib surface set

face using 150 diamonds; bits no. I and 5 had a multi-rib impregnated face

using 60 diamonds on the face.

The tests were run on three different drill rigs to provide various thrust

levels, rotary speeds, torques, and feed rates. The rock samples used

were the same type basalt used in previous earth atmosphere and vacuum

testing.

The result of these subject tests was the selection of two acceptable chip

removal bit designs out of the three designs tested. These two designs arc.

the surface set spiral and the miltirib surface set bits. However, the
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performance of the spiral surface set bits far exceede_l the performance of

the multi-rib surface set bits and, for this reason only, the spiral bits were

used for later testing of chip removal bit c_esign. Each of the spiral bits cut

a total of approximately 13 inches of core before end of life. The end of life

was due to wearout of the ID and OD gage stones. This wearout is believed

to be caused by oxidation of the diamonds due to excessive heat. This was

more noticeable when longer drilling times were used {the Tempilaq showed

oxidation temperatures in excess of 700"C). The multi-rib impregnated

design bits cut less than 5/8 inch of core before failure.

The sub iect tests were performed at the Bureau of Mines, Minneapolis,

Minnesota. The help received from the personnel at the Bureau has been

invaluable in performing these tests.

A. 5.2 Test Equipment

A.5.2. I Drills

A. 5.2. I. I Lone]fear Industrial Drill. - A Model 405 Longyear Industrial

Drill with a 2-hp Milwaukee electric motor w._s used. This is the same

model drill which was used for previous earth atmosphere testing {see second

progress report).

A.5._'. l.Z Clipper Drill. - A Model D-30 Clipper drill with a 3-hp, ZZ0 V

single-phase electric motor was used. The 3600-rpm ._tor provided a

rotary speed of 850 rpm at the drill bit. Advancement was by a manual feed

rack- and- pinion mechanism.

A. 5.2. I. 3 Radial Arm Drill. - A standard Carlton Radia! Arm Drill using

a 5-hp, _20 V 3-phase electric motor to drive the output shaft was usecl.

Constant thrust was maintained with an air cylinder and regulator at two

available rotary speeds - 82_0 and ll40 rpm. Thrust could De set and held

at any desired level.
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A. 5.2.2 Chip Removal Bits

A total of six bits were used for test'-. Two bits of each of the three

designs were tested. All bits used the same auger flight design which was

described and shown in Appendix B of the first progress report, also see

figure A-7. Briefly, this design consists of three auger flights per bit

spaced at 120 degrees and 0.060 inch wide. The flights carry the cuttings

to a height of 6- 11/16 inches (allowing a 6-inch core to be taken) on a
e

30-degree helix angle. See table A-3 for additional bit information. The

bits used are shown in figure A- 11.

A.5.2.2. 1 D.esi_n A, Multi-Rib ImDre_nated Bits No. 1 and 5. These bits

shown in figure A-3 were designed with an impregnated face and hand set

OD and ID kicker stones. The face consisted of L4 ribs 15 degrees apart

with 60 face stones set in an extra-hard matrix. Total carat weight per bit

was 4.40.

A. 5.Z.2.2 Design B, Multi-Rib Surface Set Bits No. _ and 6. These bits

shown in figure A-4 _ere dr'signed as was design A with a d4-rib face. How-

ever, f'_r this design, surface set stones were ust.d in an extra-hard matrix.

The stones were offset .e that there was a spiral pattern across the fact. of

tht. bit. Each bit wa: st-t with 150 stones having a total carat weight pt.r Ui_

of 3.00.

A.S.'_.Z. 3 Design C, Spzral Surface Set Bits No. 3 a:,d 4. These bzts

shown in figure A°4 wer, dr'signed with three concentric rings of face stones

which were offset to form a series of spirals from the ID to the OD of the

bit face. The 127 diamonds used were set in a hard matrix and had a total

carat weight of 2. 15 per bit.

A.5.2.3 Rock Specimen,

The basalt rock was tht same as that used in previous testing which was

obtained from the US Burea _ of Mines at Fort Snelling The rock was mined

at Drt sser, Wisconsin, had :, Shore hardl,ess of 79 and a compressive

strength of 43,000 psi.
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A. 5.3 Instrumentation

A.5.3.1 Power

Input power to both the Longyear ar, d Clipper drills was measured with a

clamp-on ammeter. Power to the radial arm drill was not measured because

an appropriate watt meter was not available.

A.5.3.2 RPM

Both a Strobatac and a phototachometer were used to determine the rota-

tional speed of the drill bits.

A. 5.3.3 Torque

A torque table incorporating a strain gage output was fabricated for the

tests. Maximum measurable torque was approximately 15 ft-lb.

A.5.3.4 Temperature

As in previous bit tests, temperatures were measured with a l_rocGn and ........

Tempilaq temperature sensitive lacquers. These lacquers rarged from 400

to 1000°F.

A.5.3.5 Penetration

Penetration was determined with a micrometer and an extendable scale

which moved with the drill motor slide. Time was kept by the drill operator

with a stop watch.

A.5.4 Test Procedure

Drilling was conducted in air on similar basalt samples using three

different drill rigs (see paragraph A. 5. g). During testing of the bits, it

was found that both the Longyear and the Clipper drill rigs tended to

vibrate and possibly damage the bit under test. Therefore, testing was

completed on the Radial Arm Drill which offered more stability and flexi-

bility of the drilling parameters.

In all cases, the drilling tests were arranged so as to drill b-inch deep

holes vertic:,iiy downward into the rock samples which were appropriately

oriented and clamped to the base of each rig.
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The drill bits under test were '°collared" to a depth of approxim_t, ly

1/_ inch and drilling proceeded downward for intervals of 15 to 90 seconds.

Prior to each run, thrust and rotary speed (rpm) were fixed while input

power, torque, penetration rate, and temperature were measured and re-

corded. For the test series, the "fixed" parameters of thrust and rpm were

varied through the following ranges:

Thrust 100 to 500 lbs

Rotary $pced 750 to 1140 rpm

In all runs, the test bits were oriented .-o _s to cut a full kerr in the, rock

with chip removal being solely accomplished by the bit face, design _,_d the'

auger flights on the outside diamt.ter (UD) of the bit_.

A.5.4. 1 Longyt.ar Drill Trials

Tht. preliminary run used bit no. 1 at a thru,t of 400 pound._ and _,l_ rpm

of 800. Initial contact at 400-pound thrust dar_lak_t.d the. bit and ,.stied the

t_'._t. No penetration wa._ m_.asured.

Oth,.r trials t,a th,. L,,nt,_t.;_r drill w,.r,, mad,, _ith }_il I,_. ", 4, in' =_.

V.,riota_ thrust t_vt.l_ _, r_ u_,.d {100 to 300 p_)tm_l_). P, it r,,,. z i,_ _.tr.,t,.(l

'_v, 11, I)(lt was hard to collar and tended to chatter d_lrxn:, p_'n(.trati,_n. Th,

t,,t.,! t()r,, l_-ngth cut _ltl, thl.-, bit r)t. furt l;.ll,,r( v. _- :-. _t) _t,cm _ ol ,_,:

_, ra_t. pt nt.tr-_tion ratt. of 0 _58 inch/ml:_tate.

"lh_' multi-rxb0 ixnprt.g_;at,.d bit {bit no. 5) _,'a__ rtit, at l l8-p()_lnd t; r.._t,

?.'tl rptl_. "l-his r,;,t ht,at,.cl up ra_,_dl 3 and tdilcd aft_'r 150 ._.cm_,d_ of r_a.;nir_t'

tim,. Ptnt, tration was 0.5]7 inch befor_ failure, at an aw.rag, p_'nvtr_tion

r,t,. (PR) of 0. 175 inch/minute.

qh,. first of thv spiral, surface set design bits _a_ also tt.._t,,d on the

l.,m_v,,ar machir, e. Th,' bit collared t.a__il._ and _v_:s run f,,r i_at_ rval- of _0

t,, _,0 -,,conds at thrust l,,v_,l._ of 100 to 300 pounds for an aw,rat,_, rm._ of

7_ Tht. ax'cra_t, p_.n, trat_on ratt. x_t.nt from 0.8_9 inch/_a._atatt, to 0.5C5

_ h x_ainute. No chatter _as observed and the bit cut t3 6 inciat,._ witi;,_ut

,,_x appr_'caablc signs of wear.
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J_. 5.4.2 Clipper Drill Trials

Because of the tendency of the 2-hp motor on _.e Longyear drill to load

down under drilling, the next series of tests were run on the 3-hp, 850 rpm

Clipper drill. Bits no. 2 and 4 were tested on this rig.

Bit no. 2 which had penetrated 5.3 inches on the Longyear machine was

further tested on this drill rig to see if the previously observed chatter

would be eliminated. However, the chattering was still present and the bit

only penetrated another 0.50 inch at Z00-pound thrust before failing.

Bit no. 4, which had previously taken a 6-inch core was then tested on

the clipper drill - average penetration rates of 0. 344 to I. 250 inches/minute

at 820 ¢pm and thrusts of 200 to 400 pounds. The bit cut smoothly to a total

depth {including 6-inch cut on Longyear drill) of 12.9 inches. Chip remora,

was excellent throughout these ru_.s. Temperatures measured with the

l_'rocon d,,ring all but the last two runs did not exceed 365°F while Tempilaq

m_._-_r,.ments indicated a matrix temperature of 500 to 700_F. "Abe final

t_o rt_r_- _lth this bit indicated tha, the bit had reached the end of its life

for the penetration rate dropped and temperatures per Tempilaq exceeded

1000 _ F.

A.5.4.3 Radia, Arm Drill Trials

The testing of the final two bits (bits no. 3 and 6) was done on tlie radial

arm drill. Because of the limited time, the torque and input power were not

measured during these trials. Two of the available rotary speeds (8_0 and

1140 rpm) were used for these tests with thrust levels set from 300 to

500 pounds.

The backup multi-rib surface set bit (bit no. 6) was first tested. Average

PR ranged from 0. 318 in/rain at end of runs to 1. 320 in/rain. Observed

"_empilaq temperatures rose at the bit wore, but they did not exceed 1000"F.

"l-he bit cut a total core length of 4.75 inches before it stopped cutting. An

examination of the bit after testing revealed the extensive loss of ID and OD

gage stones.
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The last bit tested was the backup spiral, surface set bit (bit no. 3). The

performance of this bit was excellent. For thrust levels of 300 to 500 pounds

and rpm's of 810 and 1140, the average penetration rates varied from 0.648

in/rn/n (last run) to 2.642 in/min. In fact, during one run at 500-pound

thrust and 1140 rpm, a PR of 2.912 in/rain was observed. A series of runs

with this bit at 400-pound thrust and 810 rpm were made. During th_.s time,

temperatures as indicated by the Tempilaq stayed consistentl7 between 700

and _30"F. Chip removal was excellent and the total core length ¢_t was

IZ. _ inches.

A. 3.5 Summary and Conclusions

The more elaborate instrumentation, provided for this serit, s of tests,

gave a more quantitr.tive insight into the performance of chip remcval designed

bits while drilling in a givenrock without an external flushing or cooling

medium. The average penetration rat,_s per thrust level and rpm's have

been computed and plotted in table A-4 and figures A-8, A-9, and A-10.

TABLE A-4

CALCULATION OF PENETRATIUN RATES

D_. sign Bit Penetration
I No. Rate

C

spiral)

E

{spiral)

3 0.9L7

1. 064

1. 498
0. 828

1. 647

2.O04

0. 823

Z. 64Z

O. 648

O. 848

4 0.505

0.55Z
0. 859

0.613

I.O_Z

Thrust

3OO

400
500
3OO
40O

500
400

500
4OO
500

100

ZOO
3OO
ZOO
3OO

RPM

Cumulative

Deptt_ of

Cut (in)

5.84

11.78

12.90

810

810

810

1140

1140

1140

810

1140

810

1140

758

758

758

617

817

b.00

Comrn_._t

Operated on
radial arm

drill

Operated on

Longyear drill
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Design

B
(ribbed)

B

(ribbed)

A

(ribbed

imprt'g-

natt d)

A

(ribbed

impreg-

nated)

Bit

No,

Z

6

TABLE A-4 (Continued)

Penetration

R_te

I. Z50

0.334
O. 500

O. 300
O. 394
O. 373

O. 359

O. 869
I.3_0
0.18Z

1.215

0.318

0. 693

O. 175

Thrust RPM

817

817

817

788

761

658

820

810

810

810

810
I

ll40

1140

400
200
300

1;'5
125
125
200

300
400

300
400
300

400

lO0 720

Cumulative

Depth of

Cut (in)

11.70

12.90

5.3

5.8

Damaged when operator did not feather the
bit into the rock

Comment

Operated on

Clipper drill

Operated on

Longyear

C.>erated on

radial arm

Operated on

Longyear
drill - would

not drill

The performance of the design B b!ts (multi-rib, surface s_.t) was good.

At the end of each r-n with these bits, the hole was clean and chip removal

was deemed to be satisfactory. However, tl,e observed wear of th,. bit (loss

of gage stones), the vibration during penetration, and the maximum core

lengths cut (5.8 and 4.75 inchct,) are indications of a less than satisfactory

design for reliably demonstrating chip removal at high vacuum.

It should be noted that the four bits of design A and B incorporated an

extra-hard matrix to hold the stones. 'this matrix material did not noticeably

increase the performance of the bits and, in fact, may have contributed to

the rapid thermal rise which occurred when the design B bits weze t_-sted.
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By far, the best performing design was the spiral, surface set (design C,

bits no. 3 and 4). Both bits cut total core lengths of IZ.9 .riches at thrust

levels of 300 to 500 pounds and at higher penetration rates. The observed

loss of gage stones from the bits was gradual, and it was not until both bits

had cut IZ inches of core that grinding of the core and subsequently lesser

penetration rates were noted.
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Figure A-II. Bits Using Auger Flight Design
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It was noted during testing that there was a discrepancy between tempera-

tures measured with the Pyrocon instrument and those measured with the

temperature sensitive lacquers. Because of the time lag that resulted before

the Pyrocon could be touched to the test bit and the difficulty in maintaining

contact with the matrix, the Pyrocon measurements are grossly inaccurate.

The temperature lacquers do provide accurate measurements but are only

capable of giving general temperature ranges. Future R and D testing must

incorporate bits instrumented with embedded the rmal sensors.

These tests have demonstrated the ability of dry diamond core drill_ to

provide efficient chip removal while cutting core in basalt specimens. The

testing of three different chip removal bit designs has enabled the Lunar

Drill Program Office to choose a bit design (design C). New bits of design

C will be modified by the addition of additional gage stones and tested in ,i

v,_ c uum environment.

FI-.ese tests have also enabled the lunar drill program team to obtain more

definitive information on the performance of chip removal bits ,at diftezer, t

thrust levels, torques, and rotary speeds.
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A. 6 TESTS OF SPIRAL SURFACE SET BIT {DESIGN C)

A. 6. 1 Introduction

These tests were performed to obtain additional data on tht. auger flight

chip removal bit (design C) and the modified advancing mechanism to be ust.,:

for a demonstration of chip removal without an external f!ushi:,g mediun_ und,.r

vacuum conditions.

The subject tests were conducted at the E.J. Longyear Company and fl.t,

Research Center of the U.S. Bureau of Mines, Minn._.apolis, Minnesota from

30 October to 9 November 1965, by members of the WestinchoLlst lunar drill

program team.

As described in paragraph I. 3 of the third progress report, thL drill ri_

was modified to limit the axial thrust while al!ox_ing a var;abh, fl.ed rat,., lh,

drill rig was also modifiL, d to eliminate thc ch,ttc,'ir_ n_,t,-d in va: li,.r tt _'_.

Pri,,r t_, t,'st number 5 of the subjcct tests, thrce _ _-inch diamet_r holt-s

w,.rt r._,a_i, ,,b.;ve the-crown of fl-.t, bit. Thc p.lrp_,st. ,,f tht. sc holt_ 'v,t... t. ,_l:

tht' rt-ll_t_xa ,: tht' cuttings which n:oxvd across tb fact, ui tht. bit Ir ,t:" ti.,

ID to tht. ,)t:t si*:, .

A. 6. 2 1"t st Pr_ ,t durt.

Iht' drill rig was a._-t.n.blt.d axed tt. sts rmnibt, rs } t}:r,:u,_h 4 ',., r, :_:.: .:t

thc 1-;. 3. Ltmgyt.ar facii,,tv, l}',t, main purp,,_t. ,,: In, _t t, .,t, .,.,,._ t. _} .....

tht, vfft.ct of tht. dri',l rig chatterin!: on cutting: anti to P.;ak, a})pr_,i,rX¢,tt _. _,,ii-

fications to eliminate this tactor. The last three tcsts (It. st, num.bt, rs 5 - ",'_

were conducted at tht, Bureau of Mines. H(,rt.. th,. bit dt. sign itst.]f _as I-:.-_,,(ii-

fled and run ,)r the radial arm drill used for previoL:s t,.sts c,,nduct,.d at th,

Bureau. Even though it was felt that the basic design ,_f the bit '._as ap;_L!,.

of domonstrating chip removal in vacuum, rllt.nnbt, r._ t,.'- th, ltlF._:: .ri'. ;,:-,,'ra:::

tcan_ ,_antcd to t.vaiuatc the t.ffect of add_.ng rclit': }l,Jlt __ .,!_ ,x',. t}:t- ,_ r .... .I: ,,:

th,. bit.
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Bit serial number U 2879 was installed on the unit. To provide axial thrust,

250 pounds of weight were attached to the top of the Longyear Model 403 Drill

(]-hp, 750 rpm). With the ll5-pound weight of the drill itself, this provided

a maximum axial thrust of ]65 pounds. During thesr tests, the play in the

rig and the bracing of the rock sample allowed excessive chattering. Reaming

of the hole due to excessive play was also evident. It was noted that the degree

of chattering directly influenced the penetration rate which varied from I. 18

in/rain to 3.6 in/rain. At the conclusion of tests numbers I and 2, a total of

6.42 inches of core had been taker. To damp out the chattering which was

thought to be predominantly torsional vibration, it was decided to add a 30-

pound flywheel to the shaft of the drill.

With the addition of a flywheel, drilling of hole number 2 was continued.

During this set of tests, chattering was reduced and the penetration rate varied

less (0.72 in/rain to 0.52 in/rain). -_- The penetration proceeded to a depth of

3.27 inches (total core length for the bit of 9.69 inches) at which time the test

was stopped.

The same bit (U 2879) was sandblasted and installed on the radial arm drill

at the Bureau of M_nes. A400-pound down force was set and the drill was

rotated at II4G rpm. Drilling proceeded for 30-se,:_ond intervals at a penetra-

tion rate of about 0.50 in/rain. As the test data shows, the core tended to

break off at the end of about 1.5 minutes of cutting. It was thought that the

breaking might be caused by the cuttings at the ID of the bit not being able to

escape across the face of the bit.

At this point, three 3/8-inch diameter holes were put above the crown of

the bit as seen in figure A-12 to aid the removal of chips from the face of the

bit. The axial pressure was set at 400 pounds with the rpm at ll40. Drillin G

took place for 30-second intervals. The additio., of these holes did not markedly

improve the penetration rate or prevent the core from breaking off at the end

of each run. The penetration rate varied from 0.62 in/rain to 0.42 in/rain.

It was concluded that the fracturing of the rock was due to thermal stresses
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created during drilling and pIa¥ in the rig, rather than inadequate chip re-

moval. The penetration rrwde during this test was Z. 17 inches with a total

core length of 13.05 inches being cut by the bit.

On 9 November 1965, a new bit was installed on the radial arm drill.

While attempting to collar the hole, the Morse taper reducing sleeves loosened

and caused excessive wobbling of the bit. This wobbling caused the diamonds

to be torn out of the mastic, thus quickly overheated, and the test series was

terminated.

A. 6. 3 Summary and Conclusions

This series of tests verified that a limited thrust, variable feed rate ad-

vancing mechanism is needed for rotary diamond core drilling. The modified

drill rig was found acceptable for providing the necessary thrust needed to

demonstrate the feasibility of removing chips with an auger type diamond bit.

Chattering observed during earlier tests was reduced by the addition of a fly-

wheel to the drill shaft.

It is felt that the breaking of the core at the end of many of the drill ru,xs

was due to thermal stresses produced during drilling and play in the rig itself.

The drilling of holes above the crown of the bit did not seem to affect tht. per-

formance of the bit. These tests did verify the acceptable design of tht. tt.asi-

bility bit (design C).

A. 7 DRILL BIT LIFE TESTS

A. 7. I Introduction

By the end of 1965, sufficient tests were performed to demonstrate the

feasibility of diamond core drilling and chip removal without an external

ilushing agent in the earth ambient as well as in high vacuum. During the

first half of 1966, emphasis was directed at making dry diamond drilling a

practical coring technique; that is, investigating a syster.a and bit design that

would yield a bit life (total inches of penetration) compatible with the objective

of drilling to depth of at least 100 feet.
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Analyses of the previous testing indicated that the following areas should

be further investigated to extend bit life:

• Efficient chip transport or augering.

• Selection of proper diamond types or shapes for the face stones and

the ID and OD gage stones.

@ Orientation of the diamonds.

• Means to overcome the detrimental effects of inefficient chip removal.

To obtain the maximum amount of information with minimum expenditure

of time and indeed with a ridgedly fixed end date, sequential testing was pre-

cluded and a paralleled effort was dictated. Augering tests were begun (see

paragraph A. 8) and at the same time diamond types and orientation was inves-

tigated and tested.

To avoid the detrimental effects of inefficient augering during the bit and

diamond tests, preliminary tests were per_o!_med to obtain information to

enable continuous monitoring of the drill bit temperature, and the temperature

of the bit without cooling. Bits were then constructe,J with a manifold that per-

rnitted internal cooling either by using the latent heat of vaporization of water

or convectively cooling by circulating water.

A. 7.2 Preliminary Thermal Measurements During Rock Drilling With a Dry
Diamond Core Drill

A. 7.2. I Introduction

The ability to continuously monitor the temperature of the drill bit while

the drill is in operation was an integr_l part of the Westinghouse lunar drill

system concept. During drill system operation, temperature measurements

taken at the bottom of the drill hole must be transmitted to the surface and fed

into the drill control system.

These tests were conducted at the Westinghouse Aerospace Test Center

during the month of December by representatives of the Westinghouse lunar

drill program team.

The primary pu,'pose of these tests was to obtain information nrc_ed for

the development of instrumentation to sense dril! bit temperatures and convert
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this information into a form that can be used as a control function during the

drilling operation. A second purpose was to obtain information on the thermal

characteristics of a diamond core cutting removal bit while drilling dry without

the aid of a thermal control system.

Auger type cutting removal bits (see design C, paragraph A. 5) were used

with iron-constantan thermocouples emplaced under the bit matrix. On each

bit, a thermocouple was connected to a breadboarded telemetering unit which

was mounted on a disk clamped to the shank of the drill bit. Mounted in this

fashion, the telemetering unit rotated with the oit.

The telemetering unit consisted of a small amplifier feeding a subcarrier

oscillator whose modulated output was converted to an RF signal by a miniature

transmitter. Changes in bit temperature as referred to a cold junction were

thus transmitted as a frequency modulated RF signal to a remote receiver.

This receiver then reconverted the information through a discriminator into

a voltage output which was recorded on a strip chart recorder. Small batteries

mounted on the disk provided a self-contained power supply.

For this series of tests the drill was operated in air at 900 to 920 rpm with

a maximum of 400-pound axial thrust. Cores were taken from basalt rock

samples without the aid of an external cooling and flushing medium or a thermal

control subsystem.

A. 7.2.2 Test Procedure

The drill rig used for these tests was the same as that employed in tests

reported in paragraphs A. 4 and A. 6 and in the fourth progress report (Appen-

dixes A and B). Rotational speed was measured with a Strobotac and axial

thrust was limited to 400 pounds.

a. Bit serial number U 2880 (Design C, Spiral Surface Set Bit No. ZI)

This bit was provided witha thermocouple cemented iz_ a 1//16-inch diameter

hole drilled radially into the bit at 1/8 inch from the cutting face. The thermo-

couple was positioned in one of the chip removal grooves at the trailing edge

of an auger flight. To prevent the impedance of the flow of chips up the flight,
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the thermocouple lead8 were cemented behind the upper edge of the auger

groove.

The bit was eased into the rock and drilling proceeded at 920 rpm until the

bit temperature reached 400*F, at which time, the bit was retracted. After

cooling in air to Z00*F, drilling was continued until a bit temperature of 400°F

was again attained. At this point, cutting was stopped and th- bit was allowed

to cool to 200OF while remaining in the hole. Cutting was then initiated

for the third time for a period of 2-I/2 minutes. During this time the bit

temperature stabilized at 490 °F. The run was terminated at this point due to

the thermocouple coming loose. The average penetration rate for this series

of runs w_s O. 97 in/rain.

A tabulation of the test data is shown below:

Bit Number 21

Runnin_ Time

(s,.c)

0

61.5

141

8O

121

64

214

Temperature

(OF)

80

400

200

400

Total Depth

(in)

0

7//8

2-3/8

Penetration

Rate

(in/rain)

0.87

1.13

Remarks

20(

490

490 5- 3/4 0.94

Bit ret ra, h-d,

cooling in air

Bit cooling in

holt.

Temp stabilized

The rmocouph.

lost contact

Total cutting time = 355 8ec

Average penetration rate : 0.97 in/rain

The thermocouple was replaced and refastened in the same location as

previously with silver solder. A drill run to reach maximum bit temperature

was then initiated. However, after 2-1/2 inches of penetration, the, rock
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sample fractured and revealed that the _rown of the bit was glowing with a

dull, cherry red color (1200-1400"F). At this point the test was stopped.

An investigation found that _he silver soldering of the thermocouple near

the face of the bit has been done without a protective atmosphere. This opera-

tion conceivably caused destruction of the diamonds over approximately I/3

to I/2 of the cutting area resulting in av overloaded cutting condition on the

balance of the diamonds. It was also found that the bit adapter had become

loose on the output gear box shaft. The looseness allowed the bit to chatter

during collaring and to lose diamonds from the crown of the bit. The result

of using a damaged bit which was cha,tering was the catastropic loss of cutting

stones and a subsequent build up of heat due to rubbing of the matrix.

Examination of the test bit revealed that it had become hot enough to

deteriorate and smear the matrix with gross_loss of diamonds. The telemetered

signal was intermittent from the start of this run, and no readable temperatures

could be determined from the recording.

b. Bit nurr.ber 22 - Serial No. U 2881

A backup of the same design as number U 2-880 was fitted with an iron-

constantan thermocouple which was spot-welded in place. The bit auapter

was skimmed to reduce chattering and drill runs similar to those described

in paragraph a were initiated. Three consecutive runs wex'e made to a total

depth of 4-B/4 inches during which the bit temperature never exceeded 500°F.

A final continuous run to a depth of 4 inches at 1 in/rain was performed.

During this run the temperature rose to 500°F and remained constant at 500°F

for the last ] minutes of cutting. Within 4 seconds after the drill motor was

shut down at the end of this run, the bit temperature rose to 600 °F.

Examination of the bit revealed no evidence of damage or undue wear. It

should be noted that this same bit had a past history of cutting under both air

and vacuum conditions, and with the completion of this test it had cut a total

of approximately 16 inches of core.
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A. 7.2.3 Summary P.nd Conclusions

The subject tests "_ave also demonstrated the basic capability of "state-of-

the art" instrumentation to link a rotating temperature sensing transducer to

a remote control unit without the use of slip-rings and connectors. However,

it must still be determined whether or not this method of temperature sensing

and transmission will be effective from the bottom of a deep hole (I00 ft or

greater) in rock for.nations.

These preliminary tests indicate that the maximum temperature reached

during drilling with bits of this type at a rate of 1 inch per minute and 400-

pound thrust is approximately 500*F. The 100*F temperature rise noted at

the completion of the last drill run is evidence of the amount of generated heat

the rock cuttings carry away from the bit.

A. 7. 3 Drill Bit Life of a Cooled Diamond_C0re Bit

A. 7. _. ! Introduction

Additional testing of a thermocouple-instrumented drill bit was completed

during the, month of February. To obtain instantaneous drill bit temperatures

during testing, tl,e breadboarded telemetry system which was described in

paragraph A. 7. 2 was again used. A special test bit was constructed with an

intt, rnal cooling chamber. This arrangement allowed the bit to be filled with

a given quantit.y of water which boiled off during the drill run. In th]s way,

both bit cooling and a measure of the heat generated could be obtained.

These tests were conducted at the Westinghouse Aerospace Test Center

during the month of February by representatives of the Westinghouse lunar

drill program team.

A. 7. 3.2 Test Procedure

The test equipment and procedure was basically the same as that employed

in tests reported in paragraph A. 7.2. The drill bit under test (figure A-13)

_ as fabricated from two concentric tubes which yielded an internal cooling

chamber of 4.88 in 3 . Cooling of the bit was accomplished by the boiling off

of the water in the cooling chamber.
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With 50 cc of water in its cooling chamber, the drill bit was eased into

the rock and run at 930 rpm. Because the feed mechanism limited the bit

penetration to 1 in/rain, the full 400-pound thrust was not applied during

cutting. Torque measurements were made with a strain ring instrumented

torque tabl_ upon which the rock sample was mounted. The maximum torque

measured during this run was 2-2/3 to 3.0 lb-ft for a penetration of 5-3/4

inches. The drill bit temperature rose to a maximum of 250 °F. During this

run 7.5 cc of water was converted to stean_.

The drill bit was again filled with water and a seconct holt. drilled. For

this run and all others following it, the feed screw on the rig was allowed to

get ahead of the drill carriage so that the maximum t.tArust c,,ald by applied.

The rotary speed was kept at 9;_0 rpm with a torque of 5.9 lb-ft. With a 400-

puund thrust applied, the average penetration ra't_ _ was !. 8 in/rain. The bit

tempvrature stabilized at 342°F until all of the cooling water spurted out of

th_ _ bit. At this time the temperature rosc to 365°F and tht. run was stupp,,d

after a p_.netration of 5-5/8 inches.

Six more runs were made with this sanw bit at 920 rpm. The thrust was

reduced to 250 pounds for runs number 3 to number 6 in an attempt to in-

crease the bit tile. As can be seen in table A-5, the thrust was increasL'd

during run number 7. Four the rmocouple ., were x_ountcd on the rock ._.,_ph.

to sense rock temperatures during drilling. These rock temperatures arc,

plotted in figure A-14 while the bit matrix temperatures are plotted in figult.

A-15. The test runs were stopped when the penetration rate dropped to 1/8

in/min and the bit temperature reached 400°F. Examination of the bit shox_ed

extensive face wear and loss of diamonds on the ID after a total penetratior-

of approximately 40 inches.

A. 7. 3.3 Conclusions

These tests have demonstrated the basic ability to extend drill bit lift. by

controlling temperature. Durinp. test runs at full power {runs numb_.rs d-S),
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Test Run

Rolary

Speed:
RPM

TABLE A- 5

SUMMARY OF DRILL BIT TEST DATA

Bit No. 23

I 2 3 4 5 6 7

930 920 920 920 920 920 920

6.88

Torque, 8/3 to3 5.9 6.70 --- 6.25 (3in) --- 5.0

Ib - tl 6.2'7 6.'70 (3in)

8

920

6.'7

Maximum 250 365 300 350 400 (3 in--- 340 (3 in) 400

Temp oF 340 (3 in l 380 (1.5 in

Penetra- 1.0 1.8 1.0 .'75 .75 (3 in ,.625 .3'75 (3 in) .625 t,

lion Rate: .625(3 in) .25 (1.5 in) .125

in/rain

Thrust, >400 400 250 250 250 250 250 (3 in) 400
lb. 325 (1.5 in)

it was noted that the water coolant tended to spurt out of the coolant chamber

due to cavitation. This condition preventt'd consistent cooling of the bit and a

measure of thc drilling energy breakdown.

A-56

L



tri,_art. A-14. Rock remperaturt., Run No. 7. Bit ?it). 2_

400

:00

STOPPE 0

/

THRUST : 325 L85

Figure. A-I_. Xlatrix Tt*n_p_'ratur(', Ruz_ :q_,. "7 i_'..",: . 2-
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A. 7.4 Drill Bit Life of Water-Cooled Diamond Core Bit and t-" Spiral

Surface Set Bit
e i

A, 7.4.1 Introduction

From March through June, 1936 five additional drill bit life tests were

performed. Three of the bits used were similar in construction to the bits

used for the tests reported in paragraph A. 7.3 (water vaporization cooling).

However, in these tests, water was circulated through the bit for cooling.

The last two bits tested had the spiral surface set design used previously,

however, the diamonds were oriented in the direction of cutting. The gage

stones were an approximate cubic and the face stones w.ere octahedral.

A. 7.4. Z Tests Pcrformed At Aerospace Test Center

Tests to determine the maximum drill bit life while operating in air at a

matrix temperature of 300°F or less were attempted during the month of

March and April at the Aerospace Tes.tCenter_ The three drill bits under

test v_ere t_,e spiral surface set type having selected and oriented diamonds in

the crown. The bits were cooled by a forced water system.

a. Bit No. 24 * At the beginning of the test, it was found that the hi!

would not penetrate at more than 0.5 in/sin. The test was stopped and the

drill bit was removed for inspection. An _.xamination of the bit revealed that

both this bit and its backup were "matrix-_ound." That is, a majority of the

diamonds were completely covered by the matrix material (tungsten carbide)

and thus had no cutting exposure. Even though the first test bit had previously

been water-honed to increase the diamond to matrix clearance, the honing

process had failed to remove the excess matrix from the ID gage stones.

Therefore, the bit did not cut properly.

b. Bit No. 25 - Before this backup test bit was run, it was decided to

sand-blast the bit crown to increase the diamond exposure. This sandblastir_g,

which wan done by a contractor outside of Westinghouse was not performed

properly and the bit was damaged.
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Both drill bits were returned to Longyear for inspection by a diamond

expert. Steps were also taken to insure tlml the diamond bit manufacturer

would correct manufacturing defects such as matrix-bound stones.

c. Bit No. 26 - During a checkout of the test setup prior to test start-

up, it was found that water leakage was occurring at a number of places in the

bit cL_oling chamber. Temporary patching with soft solder was performed and

a pressure test of the bit was made. At this point, the bit was deemed ready

for drill teDts.

Drilling preceded normally through precollared 6-in basalt samples until

a total depth of 35 inches was attained. During this time, penetration rates as

high as 2-in/rain were recorded with bit matrix temperatures never exceeding

250°F. Effective cooling was obtained by maintaining a 0.3 gpm flow of

water through the bit cooling manifold. At this point, however, the pene-

tration:rate abruptly dropped to less than I/4:in/min. Testing was stopped

and the bit was removed and inspected. Even though the face stones appeared

to be in good shape, the condition of the ID gage stones could not be deter-

mined because of the presence of the solder. The solder was then removed

and drilling attempted, but no appreciable penetration was noted. The drill

bit was again inspected and appreciable wear on the ID gage stones as well as

loss of some of these diamonds was observed.

Steps were taken to determine why the drill bit failed _o abruptly after

35 inches of penetration and how to insure that a reoccurrence of this

failure will not take place. The two possi01e causes were: (I) poor manu-

facturing techniques, particularly in the orientation and embedding el the ID

gage stones_ (2) the detrimental effects of the solder used to pat:h t_,e leaky

bit. Diamond experts were asked to inspect the subject bit for signs of

graphitization as well as to check the quality and orientation of the diamonds.

The bit manufacturer was notified of the difficulties encountered during testing.

This terminated the bit life testing at the Aerospace Test Facility. How-

ever, the information gain in these tests was factored into the construction
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of two more bits that were tested at the Bureau o/-Mines. The Bureau of

Mines test of these two bits is contained in the following paragraph A. 7.4.3.

A. 7.4.3 Drill Bit Life Test_ At Bureau Of Mines

Arrangements were made to conduct life tests of the latest drill bit design

at the Bureau of Mines, Twin Cities Research Center during the month of

June. This latest bit design was based on the recommendations of Dr. Long

and Pflieder* after their analysis of the previous bit (bit no. 26), which

failed at 35 inches. The following changes were made to the bit:

a. The cubical gage stones were reoriented so that the thrust is

applied to an edge of the cube rather than to a corner as had previously been

done.

b. The previous test drill which used dodecahedral face diamonds

has been replaced with one using octahedral stones.

c. The bit annulus shape and size was modified to obtain a better

mechanical connection between the bit crown and shank. This change should

prevent the type of water leakage observed during the last bit test.

The length of the test bits was increased to 15 inches which would permit

12-inch continuous cuts to be made. However, only 8-inch continuous cuts

were made due to the limited stroke of the Carlton Radial Arm Drill used for

the test. The auger depth had also been increased to 0. 030 inch which was the

depth to be used for the engineering model auger flights.

During bit life tests, the parameters :hat should be measured to allow

analysis of drill performance, the data rate required and expected range of

parameters are listed in table A-6.

This test series was instrumented as shown in table A-6. However, in-

strumentation difficulties were encountered during the test preparation and

first test run, preventing the temperature gradient across the matrix and the

torque to be measured. A readout of the bit matrix temperature was obtained

* Dr. A.E. Long, Bureau of Mines, Washington D.C.

Dr. E. Pflieder, Chairman of the Dept. of Mining, University of Minn.
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TABLE A-_ _-::=_

DRILL PERFORMANCE MEASUREMENTS

Parameter

Torque

Instrumentation

Strain Gage

Location

Swivel joint

Adapter

Data Rate

Continuous

Range of
Variables

0-1O Ib-ft

[I PM St robotac Drill Shaft I/min 800- I Z00 r pm

Penetration Stop watch, scale, Z/rain 1/4 to 3 in/
Rate & linear pot. "''" rain

Thrust Fixe6 at Test ........ 300 to 400 Ib
Start

remperatur_ Bit (matrix

Bit (manifold)

input water line

Output water
line

(1) Thermistor

(2) Thermistor

(3) Thermocouple

(4) Thermocouple

Flow Rate

Cont.

Cont,

Recorder m:,x.

Recorder max.A

Flow meter Input water

line 1/min
I

100-600°F

A T, 0-50°F

T, 0-30°F

0.02-0.3 gal/
rain

At penetration rates of greater than 1 in/rain the

data rate was adjusted to yield 10 to 12 readings
per run.
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for the first 30 seconds of drilling. This temp_r&ture reading indicated

a stabilized matrix temperature of 300"F, which coincided with previous

temperature measurements. During the whole test series, the water c'_olant

was maintained at a constant 0.3-gpm flow rate.

An examination of bit no. 27 before testing revealed that two of the three

segments making up the face were raised above the third segment. During

rock coring with this bit, chattering and excessive runout were noticed. The

initial penetration rate was 2.9 in/sin at 400-pound thrust and 1140 rpm. At

end of life, the cumulative penetration was 41-I/4 inches. At this time, an

examination of the bit revealed signs of rubbing on the matrix of the two

raised segments and little sign of wear on the third segment.

Before bit no. 28 was tested, the runout was carefully brought within a

tolerance of 0. 005 inch and the face inspected. Both of these factors which
_

has affected the life of the first bit (bi t no. l) were not present during the

test of the second bit (bit no. 2). To reduce the penetration rate, the bit

was first run at 300-pound thrust and 820 rpm. Drilling was smooth through-

out the test and all cores taken were exceedingly smooth. The initial pene-

tration rate was 3.0 in/sin and with an increase of thrust to 400 pounds

after 20 inches of penetration; the rate remained at or above 2 in/rain for the

following 70 inches of penetration (Cumulative depth = 90 inches). The total

bit life for bit no. 28 was 123 inches of penetration. It is felt that if this bit

had been used to drill a continuous 10-foot hole instead of a number of 8-ir_ch

holes, the bit life would have been appreciably increased.

The curves of penetration rate as a function of cumulative distance dril!ed

is shown in figure &-16. This curve shows the average penetration for each

_ore and the contrasting difference between "wearout" of bit no. 28 and the

catastrophic failure of bit no. 27.
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A. 8 LUNAR DRILL BIT TESTING DURING SYSTEM PREACCEPTANCE

TESTING

A. 8.1 Purpose

The purpose of the bit testing during this period was to check the bit's func-

tion as an integral part of the Lunar DriLl System and to check a slight design

change. Bits Z9 to 34 were essentially of the same design as bit 28 which

drilled 123 inches in basalt except that the crown surface was interruped by

five chip channels instead of three to provide more channels for chip removal

to the bit circumference. The number of anger flights was changed to corre-

spond with the number of channels.

A. 8.2 Test Plan

The test plan for testing the bits during the System Preacceptance Testing

is Prescnted below. The test plan was foll0we_gntil the equipment problems

occurred.

TEST PLAN

LUNAR DRILL BIT TESTING DURING SYSTEM PREACCEPTANCE

TESTING

I. PURPOSE

To confirm that the drill bit design will permit a 50-inch hole to be drilled

in basalt and to evaluate the overall performance of the previously ir_tegratcd

lunar drill components.

Z. PROCEDURE

Z. I PREREQUISITES

The complete unit will have been integrated, mounted and tested and appro-

priate temporary fixes of problem areas before the subject tests commence.
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Z. I. I Auxiliary Equipment ........ :_'_

The following support equipment is required:

a. 100-volt power supply, regulator, and circuit breaker

b. ZS-volt regulated power supply

c. Motor starter

d. Means for breaking and retrieving the core and broken core pieces

after each bit withdrawal.

Z. 2 REQUIRED INSTRUMENTATION AND DATA

The following instrumentation shall be provided and the resultant data

recorded to check out the performance of the lunar drill bit and engineering

mode {table 2-I).

TABLE Z- I

:, REQUIRED INSTRUMENTATION AND DATA

In st fume ntation

I. Voltmeter and

ammeter

Z. Thermocouples

3. Thermocouples

4. Strobotac

5. Feed Rate Sen-

sor Penetra-

tion Rate

6. Thrust Sensors

on Frame

[7. Thermistor

Data to be

Recorded

Input power

AT motor coolant

_T bit coolant

RPM

Thrust

Bit temperature

Hand

Recorder

Recorder

Hand

Recorder

Recorder

Recorder

Re cording

Method

Recording

Frequency

I- reading unloaded

I- reading during

each feathering

ope ration ]-reading/

rain other times

C_nt

Cont

l-unloaded l-each

feathe ring ope ration

I/rain other times

Cont

Cont

Cont
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Instrumentation

o

9. Thermometer

10. Flow meter

TABLE Z-I (Continued)

Data to be

Recorded

Diamond condi-

tion

Ambient tempe ra- I

ture

Motor coolant

flow r_.te

Recording

Method

Visual

Hand

Hand

Recording

Frequency

Every bit

withdrawal

Once

1/minute

2.3 OPERATING CONDITIONS

Earth ambient temperature and pressure will be the operating environ-

ment.

2,4 TEST SEQUENCE ....... • _ ....

Upon completion of the mounting of the drill system and installation of

the rock sample, sut_port equipment, and instrumentation, the following test

operational procedure is to be followed to drill a 50-inch hole in basalt ;,nd

break and retrieve a portion of the core.

i. Feather hole to the depth of 3/8 inch. The hole is to be feathered iE_

using a nontest bit operating at a l/4-inch feed rate and approxirr_tely 60

pounds of thrust. The bit :eed not be cooled b_ an internal coolant. The

steadying bushing shal! _c loyed. Observations should be made of the

drilling parar,_eters indicated by the control unit and the operating characteri,_-

tics of the feed rate sensor, the steadying bushing, cure barrel combination,

drill frame, and motor coolant. These results should be recorded.

2. Install the experimental core barrel and bit no. I combination with the.

repositioned internal thermistor after ensuring its water tightness and elec-

trical continuity. Do not install the inner core barrel.

3. Lower bit so that its crown is approximately in the same plane as the

rock surface and above the hole feathered in step I. Start water flow through

the drill string at a rate of 0. 1 gallon/rain at 30 psi maximum.
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4. Start drill in feather_ing"i_iOd_-{l/4 in/min and40-'p0unds thrust anddrill

rotating). Feather in again 1/4 inch beyond the first feathering depth.

5. Increase feed rate slowly to I-I/L ir,/min, then increase thrust setting

slowly to 400 pounds. Mark exact depth on measuring tape attached to the

drill drive mechanism at the start and finish of each drilling increment.

6. At the 6-inch hole depth, retract the drill. Back-ream for the first

I/4 inch only.

7. Retract the drill to the highest point of motor gearbox travel. Photo-

graph the drill bit.

8. Examine the drill bit.

9. Probe for and remove _ny stone chips which may lay in the kerr.

10. Start drill rotating and _._.ove it down in the feathering mode over the

_ core for the first 1/4 inch. Stop drill rotation and slide_it down o,¢er the core

until 1/2 inch from previous drilling stop point at a rate of 4 in/rain.

11. Start drill in the featheriIAg mode and drill in that mode for 1/4 inch

after contact with the solid rock is made.

12. Increase feed rate slowly to I-I/L in/min and increase thrust slowly" to

400 pounds. After drilling 6 inches (for a total of 1 foot), increase feed r_ltc

slowly to 3 in/rain.

13. If the drilling operating appears satisfactory., increase the fcc_ rate

to 4 in/rain. After drilling about 6 inches, clean the chips from the rock

surface. Continue drilling until the 18-inch hole depth is reached.

14. The drill bit should be withdrawn with the drill control set to BACK

REAM for the first 1/4 inches only.

15.

16.

17.

18.

device.

Retract the drill bit to its highest position.

Examine the drill bit.

Insert core breaking wedge and break core. Extract core.

Vacuum hole and extract any large chips r_ot picked up by the vacuum

Probe for and ren_._vc an./ stone chip which ma5 lay in the kerf.
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34. Insert core breaking wedge and break the core. Extract the core.

35. Vacuum the hole and extract any large chips not picked up by the

vacuum device.

36. Ascertain height of the broken core stub from the rock surface.

37. Spread waterproof covering over entire top of rock, secure the drill

cooling system and remove swivel joint.

38. Insert inner core barrel in outer core barrel with hoist and overshot.

39. Replace swivel joint.

40. Start the drill cooling system and allow to run.

41. Wipe dry the drill rig and carefully remove the waterproof covering

so as to keep water from entering the hole.

4Z. Lower the drill without rotating until I/Z inch from top of stub at rate

of 4 in/rain and start drill in feathering mode. Drill in this mode for 1/4

inch after contact with the solid rock is made.

43. Increase feed rate slowly to 3 in/rain and increase thrust slowly to

400 pounds. If the drilling operation appears satisfactory, increase feed

rate to 4 in/rain. After drilling 4 inches, clean chips from rock surface.

Continue driUing until 50-inch depth is ,eached and ream in place for 15

seconds.

44. Set drill in break core mode and break the core.

4S. Remove the swivel joint and lower the overshot until it mates with

the contract plate of the inner core barrel.

46. Inch up until hoist cable is taut. Then permit hoist .'olift the inner

core barrel. Remove the inner core barrel from the hoist.

47. Withdraw the drill bit to its highest position.

48. Examine the drill bit.

49. Remove the core from the inner core barrel.
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A.8.3 Bits 29, 30, and 31

These bits did not meet the quality control specifications, but were

utilized to obtain as much data as possible. Bit 29 exhibited some auger

flights mismatch with that of the core barrel. Excessive torquing with the

Parmalee wrenches resulted in the crown separating from the manifold at

the braze line. The bit was repaired locally but had excessive runout and

was employed only as a feathering bit.

Bits 30 and 31 were instrumented by inserting a thermistor in a radial

hole drilled in the exterior of the matrix. As each bit was used, the signal

le_ds were run up under one auger flight and sealeo in place with epoxy cement.-

The leads then entered a modified core barrel adapter. Each of these bits

had to be res2aled with a solder because of water leaks at the braze line. Each

of the bits had excessive runout (approximately 0.015-0. 020 inch) partly

due to the excessive torquing to line up the auger flights and to make the bit-

core barrel seal and partly due to manufacturing anomalies.

Both bits failed during featherinL, d_t. to th_ II) ga_e stones pulling out

possibly due to the runout effect or, l_",-id _,_1 _(_,l_e_ .::_d to vibration result-

ing from the runout.

A.8.4 Bits 32, 33, and 34

A. 8.4. i Introduction

These bits were made in accordance w, ith th,. s_,_ndards and dra,ving_

shown in figure A-17. However, these bits also had minor deficiencies whicl,

had to be corrected prior to use. The bits were examined by Dr. Long,

US Bureau of Mines for quality of workmanship, orientation and type of

crystal. The stones appeared to be well set although the orientation of the

stones could have been improved. There was a blockage in bit 33 which had

to be _.orrected and there were some oversize threads. The runout was held

to less than 0. 002 inch.

A 5_-inch piece of basalt was procured from Dresser Wisconsin quarrles

with a Shore hardness of 79 and a compressive strength of 43, C_(!0 _._i. I_
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was mounted in concrete and bolted to the floor. The surface had been sawn

flat (see figure I-I). Bit 29 was used to feather the hole to a depth of

3/8 inch. The experimental core barrel could not be sealed to bit 32 or to

the adapter.

It was decided to drill without coo]ant for the following reasons :

a. It was difficult to make the adapter core barrel and core barrel bit

joints watertight for a gravity head. After several attempts with the copper

gaskets, the string still leaked badly.

b. The lack of integrity of the water channel seal was shorting out the

bit instrumentaticn.

c. A review of the reports of previous drilling tests and particularly

of the Bureau of Mines 10-foot test showed that approximately 500 watts were

being removed from the bit and auger flights by the water cooling. A matrix

area vs the auger flight area comparison indicated that the bit matrix

contributed probably less than 50 watts to the water cooling system. Since

the chips carry the heat away from the cutting surface, the bit and auger

/_.ight system probably would stabilize at a slightly higher termperaturc but

still considerably under crown temperatures which would prove dar_aging.

_. There were three test bits available. In view of the delay in the

shipping of adeliverable core barrel, which was to be used in the testing

of the grease-coupled instrumentation contacts which tied in with the ade-

quacy of the water sealing approach, a possible sacrifice of one bit to

get system operation information appeared to be a good risk.

e. The potential weight reduction and reliability improvements in taking

the "no coolant" approach also made the risk of the possible loss of one bit

quite palatable. These were:

(I) Elimination of leaking problems

(2) Examination of the rotary joint

(3} Elimination of the radiator hoses and valves

(4) No lunar environment-coolant interface proble,_s
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(5) No coolavt weight

(6) Elimination of the erection time for the radiator and hoses, rotary

point, valve assembly

(7) The elimination of handling of the rotary joint, valve assembly,

gaskets, etc, during drilling.

A. 8.4.2 Test Procedure

a. The thermistor output was calibrated against a known temperature

applied to the bit. The heat was applied by burying the bit in a bucket of

sand heated by an electric heater. The bit exterior face was checked by an

attached ther mocouple.

b. Thermal paints were applied in small thin dabs to cover the expected

temperature ranges.

c. Bit 29 was used to collar a new hole to a depth of 3/8 inch.

d. Bit 3Z was feathered in for another I/4 inc:_ and then a feed rate of I

in/rain was set. After one inch, the bit was removed from the hole and

examined and a replica made, The recorder indicated that the temperature

did not exceed 340°F internally and the thermal paints indicated that thc

external surface did not exceed this figure. The matrix was cool enough

to keep one's finger in contact with it when the string was removed. The

core barrel at about 5 inches up from the matrix was too hot to touch.

e. Another 2 inches were driUed before the drill shut oil duc to a core

block signal. Examination of the bit thermal paint showed again that the

350°F was not exceeded. However, there was a burned area on a bit

auger flight just above the matrix and another area above 3/8 inch above the

bit-auger flight junction. Some of the dental cement sealing this junction

(filling a space of some 0. 030 inch caused by the internal gasket used to

line up the core barrel internal channels with the bit channels) had extruded

out and may have caused some chip stoppag,_. In the ID of the bit, the

copper gasket has extruded slightly, but appeared not to be hitting the core.

The auger flights between the bit and core barrel were no' exactly lined up,

This offset was required to compensate for core barrel faults and to line up
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the internal channels to get the instrumentation leads to the bit. The experi-

mental core barrel had the normal signal channel blocked and a shielded set

of signal leads had to be inserted thr°ugh a water channel.

f. The bit-core barrel combination was removed. The stones were

e_Lar _ under a 15 X magnification and showed no damage except for the

chip fractures. These had occurred during an earlier feathering and had

been reported by Christiansen Diamond Products during the rework of the

bit. The bit-core barrel combination was then indicated for runout - first

using V-block supports and then held in a collet in a lathe. It was appare_t

that the bit axis was at a small angle to the core barrel axis; the core

barrel was not circular in cross section and was larger in diameter at some

points than the OD gage stone circle. The bit tilt with respect to the core

barrel wag reduced by putting in a nonextrudable stainless steel washer

of a thickness calculated to even up the auger flights. The instrur_entatiun

had to be removed to accomplish this because the bit and core barrel in-

ternal channels would no longer line up when the flights liped up. The bit

and barrel were then set up in a lathe and the auger flights _ere eround

for the first 18 inches until they were 0. 005 inch below the hi_he_t OD

diamond exposure at all points.

g. A second drill run was attempted, using thermal paints a,_ t_,r:_p,.r._t,.r, .

indicators. At 1 in/rain feed rate setting and 175 pound tt_ru_t, t_t !_,t

would not cut. There was another control cutc, ff related to ui_derfeed. Ex-

amination of the bit showed some minor stone burnishing.

h. Bit 33 was attached but could not be made to cut without system

shutdown. A check indicated that the upper "hrust limit was set too lo,,_.

The drill system drilled well at 1/4, 1 and 2 in,/minute. Bit 33 _,as _sec

to drill an additional 3 inches. At this point, the drill motor failed. At no

time did the bit, when cutting, go over 350°F. At each drill strir._, with-

drawal, which occurred less than 1 minute after rotatic._ ceased, the bit

flights were touched with no real discomfort as the bit canoe ,J_t of the hole
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Bit 33 was examined and appeared in good condition. The air-cooled

motor was installed and a temporary fix for a solid lubricant idler gear

and bearing retainer failure was made. The gear box was lubricated, where

the idler gears were removed, with a grease made of Apiezon H grease,

zinc oxide and molybdenum disulphide in proportions by volume of 8:3:1.

Drilling was resumed using bit 3g for another 3 inches. Drilling was

stopped to replace a loose screw in the motor pinion. Drilling was resumed

to a depth of 22 inches. The bit had bound in the hole due to a chip blockage.

The blockage apparently caused a binding action which created frictional

heat. The heat expanded the bit until it bound against the side of the hole.

The abrupt stoppage had torqued the bit further onto the core barrel forcing

the inside structure of the bit downward and cracking the crown (see figure 2-4).

The bit sto_es still appeared to be in good condition.

A. 8.5 Acceptance Demonstrations

A new hole was collared using bit 29, in the presence of Mr. Bruce tlall,

Corps of Engineers, who was observin_ for NASA, t]untsville, _,sing a feed

rate of 1/4 inch/minute and a 60-pound thrust. Bit 33 was sealt'd by un-

conventional means to the experin,ental core barrel arid fill,.d with _at,.r. A

hole 6-11/16 inch deep was drilled, b_lt the test was stopped ",.},,.r, a l!,ru._t

sensor failed. Upon drilling resur::ption an un,s,_al vibrat.:cn ,,_c ,rr,-d.

Examination showed that water had leaked into the hole productlnc ,_ _.klp ;_,Jd

which appeared to cause the bit and __cre barrL,1 to seize intermittentl,'.

A new hole was collared using bit 29 in the presence of Messrs Lundy and

Tepool of NASA, Huntsville. Bit 34 was used on the experimental core barrel,

but no water cooling was employed.

A hole 2 inches deep was drilled. ]he drill string was raised and the bit

inspected. Another 3 inches was drilled and then the inner core barrel was

installed. The hole was dee:_ened anot},er l.g inches for a total of 6-1/4

inches. The core was broken and recovered. The core was in one piece

and very sn,,Joth.
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All drilling other than feathering was performed with a feed rate of 2

inches/minute and 2§0-pound thrust command settings. The bit appeared to

be in exceUent condition.

A. 8.6 Conclusions

The limited degree of hole footage during System Preacceptance and

Acceptance Demonstration testing appears to indicate:

a. The hole should be collared with a separate bit.

b. A steadying bushing should be used for the initial core barrel length.

c. The maximum feed rate for good operation seems to be at a feed rate

command setting of 2 inches/minute.

d. The bit and core barrel must have 0.005 inch minimum clearance be-

tween the highest OD diamonds and auger flights to elevate the chips without

binding.

e. The juncticn of the bit-core barrel must be smoot}, or chip binding

will occur.

f. Whether the bit is cooled with _nternal coolant or not, the terc.peratur,:

of the matrix and auger flights does not rise above 3S0°F with nor_al

chip removal.

g. The addition of water to the chips in the hole produces a chip bindin_

action.

h. The core barrel and bit must have extremely close tolerances will,

respect to out of roundness, bowing and twist.

i. The bit matrix should be'in a plane as perpendicular to the axis

of rotation as mechanically possible.

j. Care must be taken in assembling ".he bit to the core barrel r,ot to

distort the bit with the wrenches.

k. Once the hole is feathered, the drill bit should be brought imrr, ediately

to the dril}ing settirgs.
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APPENDIX B

FEASIBILITY OF ROTARY JOINT OPERATION IN VACUUM

ENVIRONMENT

B. 1 INTRODUCTION

The thermal control system for the Westinghouse concept of the lunar

drill requires a transfer of fluid and vapor from a _tationary radiator and

reserve, i-- toa rotating drill string. Westin_ho_le h-.s ,onsid,.red two swivel

joints - th,: Type E Barco Joint and th,- ]ype S Johnson Join:. With slight

modifications either one of these iolnt_ co,lid b," u_ed tor th,. drill n_bdel. In

either case, a self-seating c_rbon to steel _t'al sho_Id bt" used. This appendix

describes the lest of a Barco Typ_: _ Rotar_ Tolnt t_nder _act-_r_ conditions.

The test was conducted at the We,_tinghouse A,.rosp,_cc "lest Center or 19

November to | December 19bq b_ repre_el_t.ttive_ of tht" Westinghouse lunar

drill progr_tm team.

Th_ rotary joint under test w.t. ,t I _t. E Rot.tr_ Jol:_t t_ Lt_t_f,t_tured by the

Bar_o Manufacturing Comp.tv_ fur tP, t_ _. J. l._';K_t',tr Ct_,:::;, :,y. -[ he joint

was modified b_ the addition vf ,t tefh_. (.)-rir, g to pr.,'.ld,., -t_tt_ _cal com-

patible with the vacuun_ e_'.iro,_t_,t',.t. I _;t' [_rll_,.tr_ II,,,',I:,K _,t',tl i_ self-

aligning carbon to stainless ._teel, _h_th is ,,t;).t_|t. of opt. r.ttior_ _tt ZS(. psi.

A detailed description of this seal i_ found it_ p.trdg_aph Z. -' of the Third

Progress Report.

Rotation of the seal under vacu,lrn was proxid,..* h_ ,t 1, 2-hp, 840-rpm,

induction motor. The vacuum environment was provided by two different

vacuum systems in order to allow testing at two dts_ fete vacu_m levels. For
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a pressure level of 300 microns, a 30-inch diameter by 5-fe-_t long reentry

chamber having a mechanical pump rated at 20 microns pre, sure was used.

For higher vacuum tests (Ixl0 -4 Tort). a 3-foot diameter by 4-foot long
-8

thermal vacuum chamber using two oil diffusion pumps cap:_le of I x l0

Tort operation was used.

The setup used in both test chambers was basically the salne. A tube

and pressure gauge were added above the joint housing and ,_he joint rotary

shaft was connected with a flexible coupling to the motor output shaft.

B. 2 SUMMARY

The operation of a rotary joint with an internal pressure of 250 psi has

been demo:_strated at vacuums of 200 microns and 1.6 x 10 °4 Torr respec-

tively. The measured leakage rate was 0.85 gram/hr with ob_¢.rvabl,.

h.akage taking place only at the beginning of pumpdown. Once the vacuum

chamber being used reached its end pressure, the rotary jo':_t was rotated

at 840 rpm for at least 30 m_nutes. During tl,;_s period no leakage or ice

formation was observed. Visaal examination of the d_'namic seal did not

show any evidence of deterioration due to ice.

B. 3 TEST PROCEDURE

For each test the rotary joint (jo:_t no i) x_.._ t_.s_ed with dry nit._c,_:, l:'.,

t. arth atmosphere for leakage at Z50 psi. The joit_t _as then filled witt*, _ater

(,_bout 20 ml) ,,nd pressurized to 235 psi (Zb0 psi at vacuum) with dr)" :_.itroge:;.

k', t_:i- point the rotary joint, pressure gage, and associated piping were

x_, _,:_,ed to an accuracy" of 0.01 gram. After runs of at least 30 minutes at

-4. -;m_ and 250 psi under vac_i,im, the apparatus was reweighed and the

,, , ct r._tc c,_lctil:,ted.

_,th _acL:um chambers dsed for test'ng were equipped with a window' which

:ii_¢C ,,b+ervatio_: of the rotary joint and presz,_re gage throughout ti:e

:_.-:-. -ii._ :en:p_.r_::..rc _f ti_e rot.:ry joint housing, motor frame, and motor

_,11 p._:::,. \_cre monitored b\ means of tk, ernaccouple_.
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a. For this preliminary test the vacuum chamber was pumped down

and checked for leaks. The rotary joint apparatus was filled with water,

pressurized and installed in the chamber. At this time a pumpdown was

initiated. At the very beginning of the pumpdown, a few drops of water were

observed coming out of the joint housing. This slight leakage, which was

probably due to water that had been forced through the seal when the joint was

pressurized, stopped after 30 seconds. No leakage was observed for tbe

duration of this first test {105 minutes). The gage pressure was monitored

during this test, but leakage rate was not measured. The temperature and

pressure of the rotary joint rose to values of 176°F aria _67 psi respectively

indicating a tight seal at a chamber pressure of 300 rnicroz_ Inspection oi

the disassembled rotary joint at the end of this test revealed the presence

of a graphite and water emulsion on the inside of the joint housing.

b. A second test in the vacuum chamber was periormed with the rotary

joint cleaned and repressurized at Z34 psi. Once again water drops were

obse,'ved for about 30 secondsat the beginning of thL. test. The rotary joint

was run for 105 minutes at a vacuum of 300 rnicrons. 5sort: w,t,_ rlo leak,_ge

observed for the duration of the test as the temperature and pro,sure of the

joint rose to 187°F and 255 psi respectively'. Meas_ired water lo_ was I. 49

grams or 0.85 gr/hr. Aplot of the observer1 rotary joist temperature rise

is showr, in figure B-I. At the compietic, r_ of this test the _:r,,phite w:,tcr

emu!aion noted earlier was not in evidence.

c. For this test the apparatus was pressurized and installed in the

thermal-vacuum chamber. To prevent possible frosting the seal was kept

at 100"F with a strip heater wrapped around the swivel joint housing. The
-4

chamber was purt:ped down to a pressure of 1.6 x 10 ] urr before the rotary

joint drive motor was turned on. During this _5-rnir:_te test, th< vacuum

pressure leveled off at 3.0 x 10 -4 Torr as the rotary joint temp,_'; attire and

pressure reached values of 198¢F and _84 psi respectively. D tta taken
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during this test is plotted in figure B-2 to show the direct correlation of

pressure to temperature. There were no signs of leakage or ice formation

observed while the chamber was in the 10 .4 Tort range. As in previous tests,

a few drops of water were observed on the edge of the rotary joint housing at

the beginning of the pumpdown. No emulsion was found on the inside of the

joint housing.

B. 4 CONCLUSIONS

The subject tests indicate that a Barco Type E Rotary Joint has a low

enough leakage rate to be compatible with the Westinghouse lunar drill con-

cept. Because of the low leakage rate observed with respect to the mass of

the seal the formation of ice was not in evidence. More specifically, frosting

did not occur because the total heat in the 2-ounce dynamic sca] when stated

at room temperature, more than overcame the heat loss due to a phase change

occurring as the measured 0.8 grams per hour of water was lost. Once the

seal began to turn, additional heat was generated by friction at the face of the

seal. As was demonstrated in the third test described in this report, prior

to startup, the seal can be kept at room temperature by means of a strip heater

surrounding the joint housing.

The loss of water observed at the initiation of the pumpdowr, for each test

may not have been leakage from the dynamic seal itself. Instead, while the

joint was being filled with water and pressurized, a few drops of watvr may

have adhered to the back side of the seal. With a reduction in pressure this

water would leak out as was obse,.'ved.

The presence of a graphite-water emulsion was observed only at the end

of the preliminary test run. This effect would be expected since the self-

seating carbon to steel dynamic seal must seat itself during its first few

minl_tes of operation. The final seal is made when the carbon seal face

wears until it makes full contact with the btee! face. During tests of the

rotary joint, the only wear noted on the dynamic _eal was at the run-in

pe riod.
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The calculations below show that the water leaking from the joint could

not freeze during the one hour operating period. The basic problem involved

is to determine if the amount of heat present in the joint is sufficient to keep

the water above the freezing temperature. Expressed in equation form:

WsCps_t I ffi WwCpw At 2

where:

W
S

C
ps

At 1

T
S

T
O

W
w

C
pw

At z

T
w

= weight of steel - 2 oz.

= specific heat of steel = 0. 11 Btu/lb'f.

= T -T
S O

ffi temperature of steel

= equilibrium temperature of steel and water

= weight of water ffi 0.8 gram for I hour

- specific heat of water ffi 1

= T T
O w

temperature of water corresponding to vacuum temperature

These equations neglect the frictional heat of the rotating joint and hence,

represent the worst case.

Six conditions were investigated which represent the beginnir,g of each

run (worst case so far as frost forming is concerned) ;ind after the joi_t
-4

reached an equilibrium temperature in a vacuum of 0. 3 Tort to 10 Torr

the sample calculation for one condition is shown below and the resulting

equilibrium temperature for the conditions considered is summarized in

table B o 1.

Samp!e calculaton:

W = Z oz
s

T =
S

W ffi
w

T =
w

Joint at room temperature - 0.3 pressure

= O. IZ5 Ib

70"F
-3

0.8 gram = 1.764 x 10 ]b

22"F (corresponds to 0. 3 torr)
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TABLE B- 1

EQUILIBRIUM TEMPERATURE OF ROTARY JOINT AND WATER

LEAKAGE AFTER 1 HOUR

Joint Temperature at Pre s sure
Start of Run

('F) (Torr)

Eqailibrium Tempe rature

After l-Hour Running

(*F)

?0 O. 3 +59.5

70 10-3 +50. I

70 10-4 +47. I

169 O. 3 +147

169 10-3 +138

169 10-4 +135

0. IZ5 x 0. II At

0.013.75 At 1

At I + At 2 = 70- (-22) = 92

1.76 x l0 -3 &t I ÷ 1.76 x l0 -3,_t L

-3 -1
15.51 x l0 At I = 1.6Z x 10

= 1 7t, x 10 .3 x 1 xAtz1

-3
-1.76x 10 At Z = 0

-I
= 1.62 x I0

At = I0.5
I

70 - T = I0.5
0

T O = 59.5"F

Equilibrium temperature of water and joint is 59. 5" F which is well above

freezing.

B. 5 ROTARY SEAL ACCEPTANCE TEST

B. 5. I Requirements

The references in paragraph 2. I.3b of the acceptance test agceement in

this report proved to be incorrectly stated. These references should be

Progress Report 4, Appendix C and Progress Report 8 paragraph 10.3. Z.,

page 4Z. These changes were incorporated in the revised test procedure.
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B. 5.2 Revised Test Procedure

B. 5.2. I Purpose

The purpose of the test was to evaluate the performance of a test unit of the

rotary joint for the lunar drill engineering model. The unit with the trans-

former in place will be run in a vacuum environment at an internal pressure

and temperature commensurate to those parameters set forth for the engi-

neering model thermal control system (I000 rpm. 15 psi).

B. 5.2. Z Procedure

B. 5. Z. 2. I Static Leakage Test. - Fill rotary joint with water and pressurize

unit with nitrogen to 15 psi above ambient (30 psia). Allow the unit to sit over-

night while pressurized. If there is no drop in gauge pressure, proceed to

vacuum testing. If an appreciable loss of pressure is evident, repressurize

the rotary jointand deterrDine the point or points at which leakage is occurring.

Once the leakage has been corrected, the _tatic test should be repeated.

B. 5.'.2.2 Vacuum Leakage Test. - With the rotary joint filled with water

(water level should be set above the pressure gage but below the pressurization

valve) and sealed at 0 psig, the unit should be weighed to within 0. I of a gram
-4

and mounted in vacuum chamber. A pumpdown to the I × I0 Torr range

should then begin. During the purnpdown period, the. quartz lan_p n ounted in

the chamber is to be uscd to bring the tc_t unit up to IlI°F _ts measured by

a thermocouple mounted on the rotary joint housing in close proximity to the

dynamic seal.

UFon reaching a vacuum of l x I0 -4 Torr and a rotary joint temperature

of ZIg°F the drive motor should be turned on and the unit run for 30 hours at

I000 ±200 rpm. The temperature of the unit should be maintained at 21Z to

g50°F by intermittent operation of the quartz lamp. The opelating tempera-

ture should not be allowed to exceed 250 °F. If a shutdown of the heat lamp

does not keep the test unit below maxunum temperature, t}_e drive motor is

to bc shut down until the temperature drop-_ to ZII_F.
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Measurements to be made during the test and their corresponding data

rates are as follows:

• Test chamber pressure - 4/hr

• Internal joint pressure - 4/hr

• Joint temperature - I/min(TC recorder)

• Rotary joint weight - Before and after test

With the completion of 30 hours of running time in vacuum, the test unit

is to be weighed to within O. I of a gram and the leakage rate in grams/hr

, ,,h ul,,ted.

B. 5. '._. 3 Equipment Needed.

a. Vacuum chamber (I x I0 "4 rorr capability)

b. Test unit of rotary joint containin_ tr,,_.-fc, rmer

l, Quartz lamps (at least ?) arid reflct tor_

d. TC mounted on test unit

c. Nitro_t'n bottle

f. Drive. motur (I003 ±_00 rpn_.)

_:. Prt. ssure _2a_'_ • (0-_0 [)si_) h:-d i_uci,_tt_.ci _I:.L

h. Br,.adbo,,rd thcrnfistor bride:L: ,ir_lit

i. Breadboard ._i_:nal condition_.r

). Rc,ord_:r h_r IC .,:d si_:_,l ,o:Citio:,t :

Fi¢,'rv B-3 sho_s the test setup.

i_. :_. 5 A, ccptancc _est Res_lts

A preliminary static testin_ was performed for a ,:ontinuou_ 72-hot_r pt riud

dt_ri,_ which the gag_ pressure varied between 21-1 2 and 17-1/Z psia and

_rams of water xv, rL. lost. A second static test v..,_._ performed i,, :, total oI

0-1 2 hot;rs from the start of pumpdown. A malftmctionin_ thermocouple

i::¢ii_ ._tcd lower than 200*F for the major portion of the te_t. However, -_eal

_',t_:c prL._sure indications w_:re interprettd to indi_att' that ten_p__.ratur_:s fron_

2oO'Y to _07"F cx_.-tcd for the last 5 t.our.- of tk_- t_:.-t. _r_-._,.r,. _ ,,c, ritd

Five _ra::.- u: w._t, r .,., r, l_,t.d.;ri:,_: thi.- period ."ro_:: 5_4 tc -(. 74 psi_,.
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After some preliminary checks and reweighing, the unit was rotated at

1000 rpm for approximately 8 hours in a l0 "_ to l0 "5 Torr vacuum. The

water temperature remained at approximately 2"/0", and the seal pressure

varied from 33 to almost 70 psia. When the pressure was released on the

unit, an estimated 25 ml of water blew out. The total water loss, including

that blown out, was 63 grams. The test was terminated due to the pre._sure

being over 70 psia for a period 5 hours. It was found that the seal bellows

had come loose permitting a loss of steam and enabling the bellows to rub

against the bearing. The bearing retainer also was rubbing against an edge

of the rotary .joint cap. The frictional heat app_.ared to be the cause of the

high temperatures a_,d resultant high pressure.

The bellows was replaced, the joint cap edge was chamfered to relieve

the rubbing on the bearing retainer, and the unit w:_s cleaned and reassembled

with the same seal.

B. 5. 3. I Data

The final rotation test iI_ ,_ va_u_m w..s r,._r, for a tot,,l uf ?5 hour_, Fig-

ures B-4 and B-5 _how the tt:st data arid fi,'_re B-b _h_w._ the re-':tt _:.t _.r-

ves.

Examination of the dat., irom the s_bjt, ct t_.-,t inditatcs the following:

d. Slight boil-off ,:_d leakage.- ,,t 1430 to It, 30 L_,.r, (2 _-,o_:r_ of rur_r_i_:g

after 2 hours static in v,t, tlt,m).

b. Sharp rise of motor temperattxrt, at 1900 h_,txrs caused added boil-off

and some leakage through tht, seal, lowering th,. joint pressure and dropping

its temperature. This, in addition to motor outgassing, resulted in a short

duration rise and fluctuation ot chamber pressure.

The sharp rise of motor temperature gas ur, doubtedl_, due to increased

friction of the upper b_arir.g retainer r,_bbing against the housing cap. This

situatiun relieved it-elf it. ,,pproxim, tely 1/2 hours with temperatures and

pressure iallir:g a, cordir;gly.
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c. System equilibrium was reached at 2000 hours and remained stable

for approximately ? hours, although at 0200 the chamber pressure fluctuated

due possibly to a small outgassing burst from the motor.

d. At 0245 hours, th joint temperature and pressure and reservoir

temperature began to rise steeply, fo'_lowed 24 minutes later by a parallel

but minor increase in motor temperature and corresponding rises in chamber

temperature and pressure. These events all peaked at 0400 hours with joint

temperature reaching 299"F and persisting for approximately an hour.

e. The motor and chamber temperatures and chamber press,_re dropped

to prepeak values immediately after the peak, indicsting that a short leakage

or outgassing burst had accompanied the sudden rise in joint temperature. An

increase in seal face pressure occurred due t_ tLe seal retainer being forced

out of its seat in the housing cap. This, together with chips from the bearing

retainer binding the bearing would cause a large increase in joint-temperature

with only a small rise in nlotor load. The high joint ternperature could have

been sufficient to allow the inner race of the seized bearing to turn on the

spindle relieving the motor load, bat wearing the spindle, and after a few

minutes becoming free enough to reduce the friction and associated housing

temperature.

f. At 0700 hours the joint pressure had dropped below the initialvalue

and since the joi_t temperature was stillover 230"F, the indication is that

most of the water had been lost at this point.

g. During the remaining 6 hours, jo!nt pressure remained low and

several fluctuations of joint temperature indicated a small amount of water

was intermittently being boiled off.

h. The system was dry at the conclusion of the test.
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B. 5.3.2 Summary

a. The rotary joint seal test running under vacuum conditions indicated

an overall leakage rate of approximately 8 grams per hour, the major portion

of which occurred after 15 hours of operation.

b. Mechanical design faults of parts other than the face seal which

appeared to be reusable, were undoubtedly the cause of most of the leakage.

{I) The bearing appeared to be bound by solid lubricant chips

from the retainer. The chamfer on the rotary joint cap is not sufficient to

prevent rubbing.

(2) The bellows came loose from the cap.
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The thermal analyses of the lunar core drill system described in

this report were undertaken under subcontract to Westinghouse Electric

Corporation, Space and Defense Center, Baltlmore, Haryland. Because

these analyses were in support of the developmental phase of the lunar

drill, slmpllficatlons and approximations have been made to permit

svaluatlon of the most crltlcsl parameters affecting drill system per-

formance within the limited scope of this study. Detalled thermal

analyses of the drill system can be carried out when the operating

parameterss data on drilllng mechanisms and the design of the coollng

system are more closely specified.

The authors express their appreciation to Hr. G. Woo, Hr. R. Philllps,

and Dr. J. W. _ild of Westinghouse for their assistance in this program.
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I. SUMMARY

This report sumsarizes the work accomplished during the period

from September 24, 1965 to January 24, 1966 on the thermaI anatysls

of the lunar drill system according to the statement of work entitled

'_.unar Drill System-Thermal Analysis" revised and dated August 17, 1965.

A. PURPOSE

The primary objectives of the thermal analysis pro/ram were to:

(1) develop a thorough understanding of the heat transfer in

the cutting zone during the core drilling operation in the lunar environ-

merit°

(2) examine analytically the effects of such parameters as drilling

rate, rotational speed, rock properties, drill type and size ,,n the

temperature distribution within the drill bit, rock f,,rmation and tht,

core sample.

(3) establish the relationship-_ between the heat flow in the-

matrix and the temperature distribution near the. co,_ling zone of tht.

drill.

(4) establish the factors affecting drill performance such as

outgassing and chemical reactions.

B. SCOPE

To meet the ob.lectives of the program we summarized the available

evidence on:

(1) the lunar environment which may control tht drill performance.

(2) the effects of heat generated by drilling on the core integrity.
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(3) drill systemoperating parameters and drill system thermal

p_rameters such as the thermal properties of the drill construction

mdterials, the diamonds, the matrix materials and the rock surrounding

the drill.

The different design concepts for the lunar drill systems served

as a basis for the thermal analyses of the drill system. Results of

analytical procedures based on simplifying assumptions were compared

with computer calculations to establish validity of the analyses and to

investigate the thermal behavior of the drill system.

C. SIGNIFICANG_ OF THE PROGRAH

The significant results of this program include: the development

of analytical procedures for obtaining temperatur_.s in the drill bit,

evaluation of the cooling requirements for the drill, the mechanism of

ht.at exchange between thL. drill shaft and th_ burroundin_ rock, and

the heat transfer between the chips and the diamonds.

D. PROGRAH RESULTS

(1) The diamond and matrix tt.mpcraturt, s can be maintatnt.d bt.l,,_, t_l,

maximum allowable opL, rating temp_rature by an L fticicnt co,,lln_' ._y._t_r_.

(2) Eighty to ninety percent of the energy releast, d at the drill

face is carried m_ay by the chips.

(3) The design cf the cooling sy._tem must achieve heat tr,_nsfer

coefficients high enough to prevent burnout. These cccfficiL, nts should

be above 50 Btu/hr ft 2 oF.

(4) Core thermal degradation can be restricted to a thin outer

layer of the order of O.l inch.
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(5) The temperature of the rock surrounding the drill decreases

very rapidly to ambient values within a distance of about 0.2 inch

in both the axial and radial directions.

(6) Experluental data is essential to define drill system operating

parameter_ to confine the assumptions made and to verify the results of

those analyses.
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II . INTRODUCTION

In the studies of the lunar surface materials, the most important

questions arising t,ill b_ the relevance of the data obtained to the

history of the moon. Questions concerning the bulk chemical composition,

particle sizes of loose surface material and bearing strength can be

answered by surface observations. Although knowledge of the bulk compo-

sition, particle size, etc., i'_ necessary, subsurface saraplin_ must be

done to answer the most trn00rtant Questions. Io get the mo_t information

from a drill holt., a core mu_t be taken, for fr,_ the core we can

determine the sequence, if ,ny, of deposition or formation of the m, ar

sttrface material_. Because the core sample is ,,rientvd, fracture and

flow patterns can be relntt.d to large surface features. Petrofabric

studies {in solid rock re.tit-rials) _ill yield information on the _,vemt-nt

and orientation ,,f mi,,_r.il_ wD. ich indi:ate', the ._tres_v_ pre_ent durin#

and after forw,tti,,n of tht- ,hpo._it. Tht-s,' a,_!vantagv._ along with tht.

obvious advantage _,f dttallt.d petrologic ,tied chemic._l analy..,v_ makt. ,_

core sample indi._per,_iblv in the prt. lir_,in.xrv sub_urfa_t ii:_,._ti_ati, t_.

However, the heat #t.nvrated by drilling may be a problem especially

if certain minvral_ are present on the moon subsurface. Phyllosilicatv_,

such as clays, n',ic_t, and ._erpentine, have hydroxylated water and [hr.

removal of this _,ater is etlcountered by heating. The amount of water

present varies almost inversely with its ease of removal. For instance,

serpentine which may contain up to 13_. by weight of water as (OH)

starts to loo:-e some of this water acound 200°C while muscovite, biotite,

O k_

and phlogopite mica decornp0sv at about 500 C, bSO°C and 1000 C respectively.
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Silicate minerals of the amphibole series viii also lose hydroxylated

and micas are _roducts of igneous activity on the earth, where as the

clays and possibly serpentine are products ,,f alteration by hydration

of pre-existln8 rocks. 1"herefore, the exlst/nce of the micas and

amphibole seem uore probable on t',e moon. since hydration processes

are absent there. When hydrated minerals are heated, the temperature

of dehydration is usually high enough to not only ren_,ve the water but

to synthesize new stable pha_es. For instance, _erpentine alters to

forsterite + $102 4- H20. Mica alters to tL-ldspar + pyroxene ÷ H20.

Although the petrographei'-shoulo be able t_, determine the ari_inal

phases present, knowledge of the temperat,,_es t,_ which the r_in_rals

have been exposed is obvi-6u_ly necessary ,n ,,rd,.r co kno_, what th_

possible alteration reacti,,ns-could be. Thus, predicti,,n_ of the

temperatures of the core are necessary t,_ a_s_ss the p,,ssible c,,re de-

gradation. Thermal analyse_ are rt, qulr,._ s,. that th_ appr._priate

des._gn of the cooling systen_ l_r the drill can b_ s_h.ct,.d. Such

analyses can provide an i_nsz_hc into the drill op,.rat'.n_ c,.n_zcl_ns

in the lunar subsurface envzrorument, the te_p_raturt, d_s_rzbut_ n _n

the surrounding rock and the core, and guide the design _'f thr drill

bit and chip r:moval techniques.

In the following sections the dritl system which was analyzed i_

described, the parameters used in the _hermal analyses are discussed,

and the approaches and results obtained in the thermal analysis of the

drill system are given.

C-7
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III. DESCRIPTION OF DRILL S¥STEH

A. GENERAL DESCRIPTION

The diamond core drill proposed for use in obtaining lunar rock samples

will utilize a wire line core barrel. Core drills used for geological

explorations have evolved from a single drill tube string to the wire line

core barrel (Longyear, 1965). A separate inner concentric tube, the core

barrel, is lifted out of the hole with a wire line or cable. Because this

operation is faster and requires less manipulation than pulling and dis-

assembling the drill string, the wire line method is particularly applicable

to use on the moon. When the drill bit is to be used to drill several core

lengths before replacement is required, the wire line core barrel system

_eeds up the drilling-core retrieval-resume drilling cycle.

A major design modification is required for lunar use because drilling

must be done "dry". In earth-rock drilling, water is pu_ped down the i_-

side of the drill string to serve three purposes--(1) the drill-rock

working interface _s cooled, (2) rock chips are flushed away from the

working face and removed, and (3) lubrication is provided between the

drill string, rock, and core.

Dry drilling is required on the moon because of the large weight penalty

accompanying water transport and the difficulty of recirculating a cooling

lluid in an open system without major losses. A closed cooling system must

be used on the moon to co1_sexve water.

Chips must be transported from the drilling face and collected. Chips

_ill be carried upward outside of the drill barrel by a set of spiral auker

flutes and transferred into and collected in a "chip basket" above the core,
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Hechanlcal rotary power is transmitted to the drill by the hollow drlll

shaft from an electrlc motor drive on the surface. Cooling water flows

dmrn to the drill bit by gravity, cools the drill face and shaft by con-

vection and vaporization, and returns as steam to a radlation-cooled

condenser on the surface.

Current system design parameters call for a maximum electrical input

of 3 kw. A 400 pound thrust load on the drill bit will be used to permit

drilling at a rate of 1.2 to 2.4 inches per minute at 500-1000 rpm. The

water cooling system is designed to operate at 390°F, 220 psia. These

conditions are based upon preliminary estimates during the pre-proposal

studies (ADL, 1965).

B. DRILL BIT DESCRIPTION

A detailed drawing giving the dimensions at the cutting end of the

drill are sho_n_ in Figure 1. This figure was drawn fro_ a partial print

providea by Nestinghouse and represents the drill design concept as of

December 1965. Nominal dimensions are: hole dia_etcr--_ inches and

core diameter--l 3/8 inches.

The kerf (rock annulus ground away) is 5/16 inch wide. _hree concen-

tric tubes are contained in this space--the core barrel and the inner and

outer tubes vhich form ti_e hollo_ drill. Minimum practical radial clear-

ances are provided between the rock, drill shaft, core barrel, and core.

An annular width of 0.076 inch is provided for the cooling syste_ in the

drill.

The core barrel terminates in a set of loose, but captive, fingers and

a taper seat. l_,en the core barrel is lifted, the fin_crs _edge between

C-9
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the seat and the core thus lifting the core. The wire llne, core barrel,

and grip fingers are strong enough to break the core from the rock mass.

C. DIAHONDS AND DIAHOND-SETTINGHATRIX

A typlcal arrangement of the dlamo_ds is shown in Figure 2. This is

a reproduction of Figure I-3 from the Westinghouse Lunar Drill program

progress report for October 1965. TLis spiral surface _et bit design was

selected by Westinghouse for further development based on dry-drilllng

tests conducted during October.

A total of 103 diamonds approxlmately 0.030-1nch in diameter are _sed

per bit. Of these, 78 are face stones which remove the malcr share of

the rock. The o.d. and i.d. gauge stones ream and smooth the bore-hole

and core to size for proper clearance with upper parts of the assembly.

Twenty-one radial rows of three or four diamonds each contain the face

diamonds. From row to r_', the d_a_onds are spaced radlally in an outward

spiral so that each diamond tracks outside of the preceding one. The

cutting chips are carried outward by the spiral pattern in a snowplow ef-

fect and are forced from the drill face by centrifugal force.

Powder metallurgy pressing and slntering methods are used to set the

diamonds in a tungsten carbide-based matrix. Other components typical

of matrix materials are titanium carbide, titanium, and cobalt. These

matrix materials provide a hard, wear-resistant setting. The thermal ex-

pansion coefficients of the matrix and diamonds are close enough that a

tight bond and good thermal contact are maintained at elevated temperatures.

Three backward-slanting grooves are cast in the matrix face to aid radial

transport of the chips.

C-ll
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/ Stone Placement

RAD ANG

I.D. GA. 0 °

.710 15 °

.733 10 °

.756 45*

o78A 60 °

• 821 75 _

.853 9O_

.884 105 _

.916 120 °

.948 135 °
.908 150 °
•985 165 °

O,D, GA. 180 °

NOTE: This spiral sched.

is typical for 8 starts, (1.
2.3.4,,,). Diamonds

(crosses) follow spirals.

Spiral marks represent

every diamond (+) along the
line.

FIGURE 2 ARRANGEMENT OF DIAMONDS IN DRILL BIT
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D. CIIIP TL_NSPORT AND COLLECTION

The radial force or acceleratlon field will aid removing the chips

from the cutting face and force the chips to move up the auger flutes.

Chips may bounce betveen the stationary rock wall and the drill and auger

rather than to settle and fill the auger. Two modes of chip flow in

the aunnular space betveen the drill shaft and the uncut rock will be con-

sidered later in this report: (I) a "slug flow" in which the chips are

displaced upward •s • continuous mass and (2_ a motion in which the chips

follow • 'splral"' movement along the auger flutes with much higher

axial velocity than in case (I).
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IV. THEIWAL ANALYSIS PARAI_T£RS

A. DRILL SYSTEM OPERATING P_q.OIETERS

Listed below are system parameters that were used for the thermal

analyses discussed in the following sections of this report:

(I) Maximum electrical power input to drill system, 3 kilowatts.

(2) Coolant water temperature, 390°F.

(3) Drilling rate, 1.2 in/min and 2.4 in/min.

The above parameters were specified by Westinghouse or accepted as

"ground rules" agreed on by Westinghouse and ADL. Over-all NASA mission

system considerations have established the drill system power as a definite

[imit. The coolant water heat-dissipation system will also have a design

capacity of 3 kw. Cooling system temperature is not as rigidly fixed,

but will not be changed unless important improvements can be demonstrated.

Higher or lower drilling rates may be used depending upon the type of

_ock encountered, and the envir_ra_ental conditions encountered.

The magnitude of the division of heat between the chips, rock

and drill was one of the objectives of our calculations. We

have analyzed the drill system based upon a variable distribution of

energy flowing into the chips and rock and into the drill coolzng system.

The maximum chip temperatures will occur when all of the energy dissipated

in the cutting zone goes into the rock and chips. The maxlmu_ diamond

and matrix temperatures will depend on the ch_p temperatures, the heat

transfer coefficients in the cooling system, and the heat transfer mechanis_

at the chip-diamond interface.

C-14



B. DRILL SYSTEHII_IUI_. PARAMETERS

In addition to the drill operating parameters, the thermal properties

of thedrill construction materials, the diamonds, the matrix materials,

and the rock surroundln8 the drill must be established.

I. Drill ConstructlonHaterlals

For steady state operation of the dril_ system, the only important

parameter of the drill material required in the thermal analysis is the

ther_l conductivity. The thermal conductivity of the Lockalloy, the

proposed drill construction material, was taken as 2.05 watts/cm°C.

This value was supplied by Westinghouse and is consistent with manufac-

turer*s data and data available in the literature. This value is high

compaced to many metals; however, because the Lockalloy is a beryllium

alloy, and beryllium itself has a high thermal conductivity, this _lue

is not unexpected.

2. Diamonds

At room temperatures, diamonds have the highest thermal conductivity

of all readily available materials. The thermal conductivity is dependvnt

upon the type of the diamond, the purity, size, eLc. Water-whit,, diamonds

are divided into types I and II, depending upon the wave length at which

ultraviolet absorption occurs. Type II diamonds are subdivided into

two kinds: Type II-a which refers to the electrical insulating kind, and

Type II-b which are good conductors of electricity. The thermal conduc-

tivity of diamonds have been measured in the temperature range from

liquid helium temperatures to above 300OK by Berman, et al. (german, 1956).

Typical values at room temperature vary from lO to 25 watts/cm2C, depending

upon the type of diamond. Type II-a have the highest thermal conductivity

C-15



values. The tbernml conductivity of diamonds generally decreases in

the temperature range from 200 to 300°K (in agreement with the theory of

thermal conductivity fc i-conductors) and is expected to increase at

temperatures above 500°K _cause of the importance of thermal radiation.

In any case, the thermal conductivity of the diamonds is very high, com-

pared to the other materials in the system. For calculatlonal purposes,

we have assumed the diamonds have an infinite thermal conductivity; i.e.,

we have assumed that there are no temperature gradients in the diamonds.

3. Matrix Materials

Thermal conductivity values of tungsten carbide matrix materials are

shown in the following table for several matrix compositions (Loewen, 1956).

Grade CA-4 and K-6 are cast-iron grades containing only WC and a small

amount of cobalt binder. Grades CA-Z and K2-S are steel cutting grades

containing TiC, Ti, and more cobalt than CA-4 and K-6. In the subsequent

analysis, we have chosen a value of 0.50 watts/c_°C for the thermal con-

ductivity of the more wear resistant grades of Matrix material, the type

that would most likely be used in th_ lunar thermal drill.

Thermal Conductivity _f Hatrix Haterial

Material

Designation Thermal Conductivity (watts/cm°C)

(2on°v) (5on°F) (7oo°_) (looo°_)

CA-4 I.II .95 .88 .81

K-6 .85 .74 .71 .68

CA-2 .52 .50 .49 .45

K2-S .48 .49 .49 ._9
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4. Lunar Naterlals

The density, specific heat and thermal conductivity of the rock being

drilled are important parameters in the thermal analysis of the operation

of the lunar drlU. Figure 3 shows typlcal density values for a wide

variety of terrestrlal rocks. (Numbers on Figures 3 to 6 refer to refer-

ences given in Appendix B.) Included in the figure are several values for

veslcular and powdered rocks, which show the largest variation in density

and the lowest absolute values. In the computer analysis described in

this report, we have chosen a value of 2.8 gm/cm 3 as representative of a

typlcal dense solld rock.

Figure 4 shows the specific heat of various rocks. The data presented

are for temperatures at or near room temperature. The variation in specific

heat of most rocks is small: rocks with a high moisture contet.t have a

high specific heat because of the high specific heat of water compared to

silicates. The specific heat of most mlnerals increases with temperature

because of increased vibrations of the atoms about their lattice positions.

Increases of about 50% over the temperature range from 0 to 800°C are not

uncommon. In subsequent calculations, we have chosen a value of 0.24

cal/gm°C (1.0 Joules/gm°C) as representative of the specific heat of a

solid rock at the slightly elevated temperatures produced by drilling.

Figure 5 shows the thern,al conductivity of rocks according to their

type. The data in this figure are given for temperz'.ures at or near room

temperature, The thermal conductivity of solid rocks depends upon the

mineralogical composition, the orientation of the crystals throughout the

structure, the degree and size of the mlcrocracks and fractures in the

rock, and the temperature. As a resuit of this dependence on a large
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Rock _I yl_

Pumice

Tufts

Basalt

Vesicular Basalt

Rhyolites

Lavas

Serpentines

Sandstone

Granites

Granodlorite_

Gabbros

Diorltes

Qua rt z Sand

Granite Po_x ders

Basalt Powders

Pumice Pm_ders

FIGt'Rk .3

® ®

®

®

1.0 2.0 3.(1

Bulk I)enslty (gm'cnr 3)

4.f)

BL'I.K DENSITIES OF Sl-i LFCTED R{ x?KS .-_N'D ROCK

PO_ DERS
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Pumice

Tuff

Vesicular

_aSd[IS

Rhyolites

Ldva!_

S_r_ntines

Rock

Type
Olivine

Sand._tones

(-)uart zi Ies

Granites

Granodiorttes

Gabbros

Obsidian

0
ii

.05
1

Specific Heat. Calories/Gram - _C

• I0 .15 .20 .25
i iiI I I I
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®

®

Note:

®

®

®

®

®

®

Data at or near room temperature.
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!,, ,, 1 I.

250 500 75_)

Specific Heal, Joul¢,'Kg- "K

.30

i

1_)00

FIGURE 4 SPECIFIC HFAT (_F SELECTED ROCKS
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Pumice

Tufts

Vesicular

Basalts

Rhyolites

Lavas

S_.rpcnttne

Olivine

R, ,ck Ty_'

Sdndstor '

Quartzites

Granites

Grdnodiorites

Gabbros
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Obsidian

Thermal Conductwtty. Calories/cm-sec-°C x 10 3
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I

I I I I I I I I I I I I I I

.@ @

-ee ® ®

- @
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®

I ,1 }
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@

@
Note:

Data obtatned at or near

room temperature.

l I , I

4 "3

)
"fV,ermal Conduc_tvlty _ Jtt/cm°C x 10"

FIGURE 5 THERMAL CONDUCTD,TI'Y OF SELECTED ROCKS
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number of varlables, there is considerable valiation in the thermal con-

ductivity. The flsure shows that the variation in any particular type

of rock is almost as large as the variation over a wide range of rock

types. The effect of temperature on thermal conductivity of solid rocks

depends upon the type of rock and the temperature level. Figure 6 shows

the telperatvre dependence of thermal conductivity for several types of

rocks. Rocks which are of a glassy nature generally show a strong increase

in thermal conductivity with increasing temperature. Other rocks which

seem to show an increase in conductivity with temperature are anorthosite

and some gabbros. Most granites, limestones, slates, etc., show a decrease

in thermal conductivity with increasing temperature. The more porous the

rock, the greater the trend to increasing thermal conductivity with in-

creasing temperature. This is probably due to the increased importance

of thermal radiation at high temperatures. In the computer calculations,

we have assumed a value of 2.5 x lO "2 watt/cm°C for the thermal conductivity

of a typical rock. This would correspond to a rock similar to granite or

basalt. Other values of rock properties may be used in the parar,_Lric

analysis presented in this report to determine their effects on drill

and rock temperatures.

Another variable which enters in the analysis is the thermal diffusivity

of the rock. Thermal diffusivity is the ratio of thermal conductivity

to volu,_ specific heat or (conductivity/density x specSfic heat). Values

of the thermal dtffusivity may be computed from the values of the individual

parameters given above. The variation in the thermal diffusivity among

rock types is due mainly to the variation of thermal conductivities. Be-

cause there is the gener_l trend of increasing thermal conductivity with
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Increaslns density, the over-all variation in the thermal dlffusivity

of rocks is not as &rent as the variation in the thermal conductivity.

In the computer calculatlons, we have used a value of 8.9 x 10 .3 cm2/sec

for the thermal dlffusivlty of a typical rock.
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¥. Ti_L ANALYSES OF THE DRILL SYSTEM

A. ROCK AND CHIP TEMPERATURES

1. Introduction

In this section of the report the folloving thr_ problems are con-

sldered:

a. The temperature of the chips at the front of the drill,

b. The temperature of the chips as they travel up to the

chlp basket and the amount of lateral heating of the

drill shaft by the chips,

c. the degradation ol the core by the heat flow and subsequent

temperature rlse of the rock.

Two procedures were used in the analysls--a computer program, and an

approximate analytical method. In the computer program, the above three

problems are solved simultaneously. In the analytical method, the pro-

blems are simplified considerably and solved independently. The resu!ts

obtained with the computer program have established the validity and ac-

curacy of the analytical method.

In the followin_ sections the results of the two methods are presented.

The parametric curves include solutions for a wide range of the operating

parameters such as drilling rate and input power. Examples are given to

demonstrate the use of the analyses.

Input power (W2) represents that part of the total heat produced by

drilling which heats the rock and that part carried away by the hot chips.

The remainder of the total heat ln_ut (W1) is transferred from the front

of the drill through the matrix to the cooling system. W2 is equal to
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the total heat produced by drilllng only _en there is no coollng at the

front of the dri11, i.e., N! = O.

2. Computer ProRram Calculatlons

a. The Hodel

Our calculatlons are based on the model shown in Figure 7, vhlch will

hereafter be called the system. The system consists of the surrounding

rock, the core and the chips un to the chip basket. The drill shaft is

excluded in this portion of the analysis because its high thermal con-

ductivity and the effect of coolant flow wlll maintain its temperature

at 470"k (about 3900Y), i.e., the temperature of the cooling fluid.

A detailed and more accurate analysls of the drill shaft will not affect

the solution of the problems considered here. Heat flow in the drill shaft

near the bit is considered In Section V-B. For similar reasons, the

core barrel was Included in the system Initlally but has been excluded in

the flnal analysls.

Tile system has cyllndrlcal symmetry about its axis, and 811 dependent

variables will be functions of the radlal and axlal coordinates only, i.e.,

there are no azimuthal variations. In a coordinate system fixed with

respect to the drill (but not rotating with it), the surroundln_ rock and

the core are movlng past the dr111 with a velocity equal to the Hrilllng

rate U. The chips are also moving along the drill shaft towards the chip

basket, with a velocity which can be found from conservation of mass coa-

slderatlons based upon the mechanism of chip motion assumed.

For a unique and determinate solution by any numer_.cal method, the

system must be completely enclosed by a surface of finite dimensions.

C-_5
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Furthermore, since we are deallng with a system of heat conduction and

radiation, the temperature or the heat flux on every section of the en-

closure must be specified. The enclosure of our system consists of the

following parts:

(X) A surface (the dashed llne) outside of which the rock is not

affected by the heat generated by drilling and remains at ambient

temperature. The boundary condition for this surface is thac

the temperature is constant and equaX co tne ambient temperature

of 230°K.

(2) The outside surface of the drill shaft, which is asstaned to be

at constant temperature equal to 470°K (see above).

....... (3) The zig-zag line in front of the_drill, which represents a uniform

plane heat source. The strength of this heat source is equal to

W2. Thus, the heat flux on this surface is specified. As the

rock moves through this heat source, it is converted to chips

which temporarily leave the system. They re-enter the

system at the annulus (where they a:e ptckqd up by the auger flu,es)

and travel towards the chip basket. A part of the energy from t'_

heat source goes to the chip_, the remeinder flows into the rock.

The heat source, the rock (Just befoce it is cqnverted to chips)

and the produced chips are assumed to be p: the same temperature

This temperature is a function of the r_dial distance from the

axis. When the chips re-enter the system at the beginning

of the auger, they are assumed to be well mlxed and at an average

temperature (averaged over the surface of the heat source).

C-Z7
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(4) The small annular interior surface of _he drill bit and the in-

terior surface of the core barrel. These two surfaces enclose

the core and are taken as one surface at a constant temperature

equal to 470"K.

The beat transfer mechanisms in the medium representing the surround-

ing rock and core ere not only solid conduction but also "convection,"

because the medium is moving. The surface of the core exchanges radiant

heat with a surface at 470"K.

The exact mode of motion of the chips towards the chip basket and the

resulting beat transfer mechanism with the drill shaft and the surrounding

rock has not yet been specified. We have assumed that the chips move up-

ward with a tumbling and turbulent motion, in a completely filled annulus

(slug flow). The chips exchange radiant heat with the surrounding rock

and drilJ shaft (the drill shaft is at 470°K). For these conditions maximum

cooling of the chips and, therefore, maximum heatin_ of the drill shaft

will occur. Alternatively, we considered a chip movement where the

bulk flow of chips has a spiral _otion up the auger, while the motion

of the indtvidual chips which only partially fill the auger flutes is

tumbling and highly turbulent. Radiative heat exchange will occrr in

this case also, however, the resulting cooling of the chips is very

gradual.

b. Description of the Computer Program

We hav_ used our computer program to solve steady state heat transfer

in the system by the "Method of Zones," _Strong & Emslie, 1955).
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In the method of zones; it Is sssLaned t_atwithln a Chosen volume

element the temperature distribution is parabollc in the various space

coordinates. For this temperature variation, formulae are derived for the

average tenperatures of the volume element and its surfaces. The heat

balance equation for the volume element is a llnear algebralc equation

Involvlng these average temperatures. The coefficients of the temperatures

are appropriate conductances. If there is a volume input power, an

appropriate input _over term is added to the heat balance equation. Slmilar

heat balance equations are written for each surface of the volume element.

However, when radiation is involved, the surface heat balance equations

involve the fourth power ot temperature.

In the method of zones, a Riven system is divided into zones and

appropriate heat balance equations are written. These equations are

solved slmultaneously by our computer program. However, ali conductances,

view areas, input powers and other information must first be calculated

and supplled to the program as input data in the form of an input tape.

For a large system, such as the drill syste_ rrn_Idered here, producln_

thl8 input tape Is a tedious and lengthy task, and even wlth the help of

calculators, this may take severe1 man-weeks. In addition, each time a

slngle parameter of the system is changed (e.g., rock conductivity,

drilllng rate, size of zones, etc.), s completely new tape nust be pro-

duced. Therefore. we devised another computer program to produce an

input tape in less than one hour to ellmlnate this tedious and time-

consuming process.
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C. Division of Sxstem Into Zones

The division of the system into zones iS shown -in Ftgu_re 8,- ITh e . "

over-all dimensions of the system are the same as those of Figure I.

Because steady state conditions are considered, the core must be termina-

ted at a given distance from the front of the drill and either the tempera-

ture or heat flux at the termination must be specified. A core whose length

increases with time was not included because of our assumption of steady

state conditions, We terminated the core at a distance of 27.8 inches

from the front of the drill and assumed that this boundary is at con-

stant temperature of 470°K, i.e., by the time the core is 27.8 inches or

longer, the part of the core that is out of the system is in equilibrium

with the radiating environment.

The zones near the d_ill front, where heat is generated, were chosen

to be of small thickness. This is required because the diffusion of heat

in the rock is dominated by convection, which introduces very thin boundary

layers. In these thin layers, the temperature decreases very sharply

(exponentially) from very high values at the source to the low ambient

values. Therefore, sinc_ the method of zones uses a parabolic temperature

distribution, the size of th_ zones must be smaller than the boundary

layer if a parabola is to approximate an exponential to the required

degree.

The thicknezs of the boundary layers is given by 2k/ccU, where k, ,_

and c are the thermal conductivity, density and specific heat of the rock,

respectively. We have used the following values for our computer cal-

culations:
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Drilling rate (U) = 0.0508 cm/sec (or 1.2 In/sin)

Conductivity of rock (k) = O.02b watts/cs°C

Product of density and specific
he.- _f rock (oc) = 2.8 Joules/cm _ °C

With these values, the thickness of the boundary layers is about

0.14 Im:hes. and the dimensions of the zones near the front of the drill

are smaller than this as shown in Figure 8.

The above properties approximate those of basalt. We have assumed

that 3 k_ of heat will be generated in drilling through this rock at the

above rate. Furthermore, we have assumed that there is no cooling of the

front of the drill or that the heat drawn by cooling is negligible as com-

pared to 3 k_, so that W2 = 3 kw. This value of W2 may be too high for

this drilling rate; hcvever, it will establish an upper limit for the

system temperatures.

As shown in Figure 8, each zone must have an interface with only one

neighboring zone. This is a requirement of our compute: program. We have

subdivided the system into 172 rock zones. Each zone is characterized

by an average volume temperature and four average surface temperatures

except those zones that are on the axis of the drill. The latter are

characterized by their average surface temperatures. There are 19 chip

zones. Each zone is characterized by an average volume temperature and

two average end temperatures in the axial direction (no radial temperature

gradients in the chips are considered). We have chosen 19 zones pertain-

ing to the external surface of the drill shaft and 12 zones pertaining

to the internal surface of the core barrel. Each of these zones is

characterized by a single temperature, which is constant and equal to

470°K, these surfaces are assumed to radiate as black bodie_ at _70°K.
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The totJ| number of average volume and surface temperatures for the

zones is equal to 617. The number of temperatures that are fixed by the

various boundary conditions is equal to 74. Thus, there are 543 unknown

temperatures, and the same number of equations which have to be solved

simultaneously.

d. Itesults Obtained From Computer Calculations

Figure 9 shows the results of the computer run. For clarity, the

zones are not shown to scale. The numbers are the values of the average

volume and surface temperatures of each zone (in OK).

The temperatures everywhere are consistent, except at the end of the

core where no temperatures have been indicated. The computer solves the

simultaneous eq6atlons by successive iterations. After several hundred

iterations, the values indicated in Figure 9 and some values for the end

part of the core were obtained. From then on, for several hundred addi-

tional _terations, the only values that changed were those at the end of the

core. The computer found the correct solution for all temperatures except

the end part of the core where the boundary condition of fixing the tempera-

ture of the end of the core at L,70°K i apparently inappropriate_ Because

the temperatures at the end of the core are both low and of lin,ited sig-

nificance, the solution o_tained was satisfactory.

Several temperstures in the lower left part of the surrounding rock

(in Figure 9 ) are appro,:lnumtely one degree below the ambieat ten_erature

of 230'K. This is a result of round-off errors in the calculation of the

conductances. Also, some temperatures in the last zones of the right

part of the surrounding rock (in Figure 9 ) differ from those expected by

one or two degrees. This also may be caused by round-off errors or the

assumed condition st the right bounding surface of the surroundin_ rock
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(constant temperature at 230°1[). The temperatures of the surrounding

rock approach the ambient temperature with celatlvely small gradlentsl

thereby indic, ".-_n8 that the size of the enclosure of the system is adequate.

The temperatures at the front of the drill are about 2000°K. Mithir a

distance from the front of the drill of the order of the boundary layer

thlck._ess in both the axial and radial directions, the temperatures de-

crease to near ambient.

The core. as it enters the core barrel is hot at its outer edge and is

near ambient temperature near its axis. At subsequent distances from the

drill face, the edge of the core cools off by rad:ation and by diffusion

,_f hear towards the axis of the core. The extent of core degradation

caused by excessive heating can be evaluated from thL, tt.r_perature distri-

bution in the core at the front of the drill, becaust, this is the z,,n_,of

m,_imum temperature.

In the region enclosed by the dashed lines shown in Figure 9, the

surrounding rock is heated extensively by radiation from the hot chips.

The heat is conducted out radially and convected to the rxght. The tem-

perature distribution in the rock is like a ridge slanted to the right

and with peak values near the chips.

The average surface temperatures at the plane of the front of thL.

drill are plotted in Figure lO as a function of radial distance from the

axis. Because the temperatures are very high only on the drill face, very

little heat flows into the rock, most of the heat is carried away by the

chips. The temperature of the chips, as they enter the annulus to be

transferred up the auger flutes, is 1951°K (see Figur_ 9). This corres-

ponds to a temperature rise above the ambient temperature of 1721°C. The

heat content of the chips leaving the drill face is equal to. cUA times

this temperature rise. where A is the area of the front of the drill.
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For the assumed conditions, the heat carried away is equal to 2,620 watts;

t.e.t 8T_ of the power input going to the rock and chips is carried away

from the drill face by the chips.

The average core temperature rise is relatively small. For example,

if the rock core were degraded when its temperature reaches 200°C, Figure

10 shows that only about 0.1 inch of the outer part of the core would be

affected.

The temperature of the chips at various distances from the drill

face is shown in Wigure ll. The chips cool off rapidly for the conditions

of IJslug flow" in the annulus. Their temperature approaches the drill shaft

temperature of 670°K by the time they have traveled _bout 8 inches up the

drill shaft. Host of the heat contained_in the chips is radiated to the

drill shaft and the surrounding rock within the first 2 or 3 inches of

the drill shaft. This is a consequence of the assumption of the full

annulus mode of motion for the chips used in this example, which gives

conservative results. If, instead, the spiral mode of mc,tion !-_d been

used, the chips would cool off much .note gradually.

In summary, the following results have been obtained from the co_-

puter analysis:

(l) The temperature of the rock and chips at the drill face is

about 2000°K,

(2) The temperature of the surrounding rock decreases very rapidly

to ambient temperature values within a distance from the drill

face equal to the boundary layer thickness (0.14 in ) in both

the axial and radial directions.
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(3) About 0.1 /n. of the outer part of the core re_ches tempera-

tures higher than 200°C.

(4) About 877. of the 3 In_ that is assumed to flow into the rock and

chips, or 2620 watts, is carried away from the drill face by

the chips.

(5) The chips cool off very rapidly for a chip motion in which the

annulus is completely filled. Nost of the heat contained in

the chips is radiated to the surrounding rock and to the drill

shaft within the first 2 or 3 inches of their travel towards

the basket.

3. A.nalytlcal Approach

a. Introduction

In this section we will examine the three problems stated in the

introduction to Section V individually.

Figure 12 shows the circular strip heat source which t.×ist._ at the

face of t_e drill. The chips and the surrounding moving rock are heated

by this source. In the actual drill system the drill is behind the. Ht.at

source; in the analytical modo[, the heat _ource is in an ii_fin_tt, m_viz_

medium. We have assumed that the drill does not afft.ct tht. tt-mptrdturL.

of the rock near the source, particularly the rock in front of th_ ._ourct..

We have calculated the temperature distribution on the plane L,f tht. source

without the drill behind it. From this calculation, the initial tempera-

ture of the chips and the temperaturL, in the core can be obtained.

This simplified calculation is valid because only the chips and the

rock near the face of the drill are in the heat source zone and at a high

temperature. Furthermore, as is shown in Appendix A, ft,r values of the
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dimensionless parameter

• cdU

_" k

which are equal to I or larger, the effect of the heat source i_ confined

to its vicinity so that a long drill behind the source will not deplete

the source significantly. For most drilling conditions, _ is larger than

I.

Once the initial temperature of the chips has been determined, the

coolin_; of the chips as they travel to the chip basket can bt, determined

provided the ternperaLu,-e of the surrounding r,,ck 1_ kno_,n. Tht. latter i_,

of course, not known unless all three problems are trt-ated together, as ha_

been done with the computer program. H,,wevL. r, tht results from thc cornputt, t

run described in the preceding: s:>ction sho_' that tht. tt,,,mperatllre of the

r, ck surrounding the drill shaf: differs apprecxably fror_ that _,f th_-

dril_ .ft onl) for a ".'_,r? sr_._ll di. tanc_- fr,,r th.. drill face. Tht. r,.f,,r, ,

it, _._icu!_.:tlng the cot, lin_ ,f th<, chxF_ x;. thz:. ._t_"_.r-,, _,. h,a'._ t_t. tL_*_l.t!

th_a_ th< _uit..undin_ t,_ck i_ :at d_;ll :n.:ft ttri_.-r.itz.:, .

Tht'-_v _impilflc,ttl,u:_ p_lr_it tal_,'.,tir:' t b .... ::l, : .:! it; i_.l:.,-

r, :tic f.'r:_. In el-:<- f<,llc_.in< ._<-c::..c-- '-< _.£!1 ..r-,.,, , ._V --'p'"l-'" '" _'l_"

the results of tht' computer analysis, that the accuracy cf th<. anal vtlc,l

approach and tht, assur_p'i<m._ inciudt.d arc accvptabl_.

b. Initial Ie_perature of the- ChiDs and C.'rt. D_._;radatien

We have estimated the initial teF.pt, raturt, cf the. ch_p_ an2 '._, t_.r-

pelatures of the core fror. the t_.rr, p_tature dls_r:._o',:.: - ,:. t_,. fa., , f a

circular strip source in a r_ovin_" rr_di_r (F_gurt- _2). Tn;s '_,.r'7, ;,_:_:_

distribution can be for_-,ulated in tt.r-w,_ cf a C._'_bi_ xnt_.gral _,._, _
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evaluation is difficult. Hoover, as sho_ in Appendix &, wt_en the -.adius

of curvature of the source (It) is large as compared to the half-width of

the source (d), the temperature distribution at the face of tFe circular

source may be approximated by that o_ a strip heat source. Fel_ng the

straisht source around to form a circular source will noL have a sig-

nificant effect on the temperature distribution near the source provided

it/d is large and _ is I or larger.

The results of these calculations are shown in Figure 13. The

,verage temperature rise of the face of the source, which is also assumed

to be the initial temperature of the chips: is shown in Figure l&. These

figures confirm the assumption that. for !arge values of _, the effect of

tht. heat source is confined to its vici_it;_, Figure 13 shows that the

ter_perature approaches ambien_ values at a distance of 2d fro_ the center

of oh, source. These results also coniirm the, appropriateness of foldin_

aI,,und a strip heat source to form a czrcular _,.,urce.

From Fi_.ule 1-,, the quantity ,,f hL-at carric-d a_,ay by the chips car:

b,. determined, The value of the or._inat_ is equal to the ratio of the

h_.at carried away b_ the chips to _hv _ota_ heat flowin6 into thL. rock

and chips (W2). Thus, for the value_ of fi equal to 3 or larger, 80_

or more of Id2 is carried away by the _ chips.

Examples

For the drill shown in Figure 1, we have:

d ,: .078125 in. -- .39685 cm

A -- 10.69 cm"

_t, have chosen the following vz, lue_ for rock propertie_:

C-42



o

C-43



U

Q

o

1

qD,

B.

-u_

N _ l,,td ...,
1.0 _ G

u o_
1-, _m

m

[,-.,

C

lie

'I" ,,,,,e

C-44

{--



cc m 2.8 JouXeslcm 3 °C

7_T

k ,, 0.025 watts/cm °C

If the drilling rate is 1.2 in/rain., and all 3 Itw supplied to the drill

face %)reads In the rock or is carried away. by the chips,

then

U = 0.0508 cmlsec

W2 = 3000 watts

The value of the parameter B is equa! to:

and :

k •

W 2
-- - 197_
.cUA

Then fr,_m Figure 13, the temperature rise distribution on the plane of

th_ source can be obtained. Adding the ambient temperature of 230°K,

the result has been shown in Figure 10. These analytzcal results compare

well with those obtained from the computer calculations. For example,

this method gives a value of about 1890°K for the _eak temperature, approxi-

mately 8_, lower than that obtained by the computer analysis.

cUAT
C

- .75

W2

From Figure 1_:

This indicates that 75% of the 3 kw is carried away by the chips as compared

to 87X found by the computer analysis. The initial temperature of the

chips, T , is equal to 1710°K (.adding the 230°K ambient temperature) as
C

co_pared to 1950°K. These discrepancies are due mainly to the boundary
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condition thatp in the computer analysis, the chips 81ve off heat

near the front of the drill by radiation," Thus, the temperatures at the

front of the drill should be hli0her In the computer run.

If the drillin8 rate is 2.4 In/rain., and the other parameters remain

the same, then:

I_ = 4.52

W2
987

As Figure 14 shows, more heat is now carried away by the chips (87_) but

the initial temperature of the chips is only 1090°K.

On the other hand, if we take W2 = 1500 watts, then the initial tem-

peratures of the chips are equal to 970 and 660°K for drilling rates of

1.2 and 2.4 In/min., respectively.

The effect of rock properties is descrxbed below. As the thermal

conductivity of the rock is decreased, _ore heal is carried away by the

chips and their initial cemperaturL, increases. However, foL conductlvities

smaller than the one we used above, the effect is small since the

ordinate of Figure 14 has almost _pproached an asymptotic value. The effect

of _ c is much greater. As 0 c increases, the amoant of heat carried away

by the chips increases slowly (because the asympcotlc ,,alue shown in Fig-

ure 14 is approached); buc the initial temperature of the chips dec:eases

almost in direct proportion to 0 c. However, for most solid rocks the

variation of k is much larger than the variation of 0 c.

Figure 10 shc_s that only about 0.06 in. _f core edge ;ill be at a

temperature higher than 200°C. As 0 c and U increase, and as k and k 2

decrease, the potential thermal degradation of the core diminishes.
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c. ¢oolinR of Chips

We have examined the mechanism of heat exchange between the chips

and the surroundln8 rock. lased upon this examination, we have concluded

that heat transfer between the chips and the shaft is primarily by

thermal radiation. We assumed that the surrounding rock is at drill

_haft temperature.

The differential equation of cooling of the ch'ps is:

CHd'z + 2uS (T:' - T ) = 0

where:

c = specific heat of chips (equal to that of rock)

N = mass flow of chips

z = distance from drill face

_ Stefan - Boltzman constant (S.b7 x 10 "12 watts/cm 2 °K4)

T = chip absolute temperature

T = drill shaft absolute temperature
S

S = view factor per unit length of z.

Subject to the boundary condition that at z = O, T must be equal to the

initial temperature of the chips (Tc), the solutic, n _f this equati,_n is

3
z -1 -1 T snh-I T -1 T_STs • tan T tan c + t s tanh" S

cM T T T T
S S C

This equation is plotted in Figure 15 for thre, values _f the

parameter T /T
C S
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Examples

For the slu8 flow mode of motion we have:

cl4 =ocAU

from conservatlon of mass considerations, and:

S =xD

where D Is the diameter of the drill. Using:

Oc • 2.8 Jouleslcm 3 °C

2
A = t0,69 cm

U = .0508 cmlsec

2
D = 2 in = 5.08 cm

we obtain:

Thus, f.r T = 470°K:
s

cH = 1.52 wattsl0C

S = 15.9b cm

cM - 40.5 cm = 15.9 in
3

4_ST
$

and, for Tc = 1710, which corresponds co W_

watts/cm°C, we have:

= 3,000 watts and k = .025

T
c - 3.64

T
s

From Figure 15, the variations in temperature of the chips as a function

of the dtsta,tce from the drill face have been obtained. These values

are shuwil on Fx_ure 11. Except for the £nztial valueb of Lhe chip tempera-

ture, the agreement with the results of the computer analysis is excellent.
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The chips radiate most of their heat to the surrounding rock and to the

drill shaft within the first 2 or 3 inches. The chips are carrying about

2250 watts from the face of the drill and radiate about lO00 watts to

the drill shaft vlthln this distance.

For the spiral mode of sotion cM is one-half the above value, since

the pitch of the auser is 30 °. To calculate S we most know the cross

dimensions of the layer of the chips moving up the auger. Assume that the

chip layer is a rectangle with a width w equal to that of the auger and a

height h. Then

S = w+h

If

then

w = .04 in., h = .125 in.

S = .419 cm

All the other parameters have the same values as above. The only dif-

ference here is that:

cH
= 303 in.

3
4VST

s

The decay of the chip temperaturL, with distax_ce fr_,m the drill face

can now be computed from Figure 15. The results are compared in Figure ll.

In this mode, the chips cool much more gradually than with the slug f|o_

mode of motion. The chip temperature all the way up to the chip basket,

which is about 8 ft. from the drill face, is shown in Figure 1_. Nhen

the chips arrive at the basket, they are still at a temperature of about

610°K.
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B. _I4AI_J!X, DIANOE) I AND COOLING SYSTEN CALCULATIONS

1. Heat Transfer in the Natrix and C_oling Syste_

In order to establish the relationships between the heat flow in

the matrix and the temperature distribution near the cooling zone of

the drill, an approximate analysis was conducted using the analytical

model and techniques described below. The objeccive of the analysis

was _o determine the drill face temperature and temperature distribu-

tion in the drill (near the bit) as a function of the power removed by

the cooling water in the drill. The etfects of the cooling water-drill

heat transfer coefficient on drill temperatures were investigated.

a. Assumptions Used in Model

The model used for the analysis is shown in the following diagram:

I ........ R -_-J

• i
L R2

l

R0 "

Idealized

Adiabatic

Enclosure

R/

"4

R3

:  Lock'

i

, _ xk I

......L T
Matrix [q H

.............
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The assumptions used in analysis were:

(I) Heat flows only vertically upward through the matrix

until the cooling fluid is reached. Heat is distributed uniformly

over the bottom of the matrix area.

(2) Heat flows vertically upward through the Lockalloy drill

shaft tubes.

(3) Heat is transferred to the fluid (with an average heat

transfer c ,efficient h) from

(a) the bottom annulus (considered to be the top of the

matrix) , and

(b) the Lockalloy tube walls.

(4) The exterior radial surfaces of Lhe matrix and drill are

adiabatic (no flux) surfaces.

(5) The coolinK fluid temperature is constant.

With these assumptions, radial temperature aradlents in the r atri:,

and tube walls max be neglected. The elfects ol non-un:tor7 heat dis-

tribution over the matrix ar_, Ci_cuss_c in S_ctl,'n V-B-2. T_._

only assumption which needs additional !t_st::_caciov is (-). In '_|:¢

actual drill svste-_, the ir.:,,-r t_Yt. s,_l, s_rfa_e _xc_a-cu< ht.2t 'x:t}

the core barrel by radiation. Because the core Jarre'. t_perature _s

not very high (see Section IV-A) this _leat tra_;sfer _'lll b¢ sT.,ll cc F-

pared to the heat flowing axially fro.. the drlli face through the

matrix. On the exterior surface of t,e matrix and dr,.lI, there Is

inward radial heat flo_, fro,.n the hot ,i:ips. The magnitude and distri-

bution of :his heat flow has already been discussed. Bx neKlec_ln_

this heat source, we will have calculated the :.ic._.mu- te-.p_.ratur,: in
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the matrix surface an_. drill shaft walls; the actual temperatures will

be higher. Thus, these calculations will provide an upper limit to the

amount of heat that can be withdrawn from the matrix te the cooling water

for various drill face temperatures.

b. _lculations

For the two annular disc sections of the drill wall at height x.

Let T = temperature of metal at height x

Let A - a(R - R ) + _(R - R )

Let B - 2_:R 3 + R2); then

(dT)
Heat Input to discs by conduction =*k (A) dx

dT d dT) dx ]
Heat Output from discs by conduction =-[kA _xx + _xx (kA dx

Heat Output to cooling water = hB (T-Tf)

At steady state, Input-Output = O, or

d__ (kA dT) dx - hB (T-Tf) = 0dx dx
(B-l)

_e may assume that k., h, A, and B are independent of x.

lherefore,

kA d2--_T- hB (T-Tf) = 0
dx 2

(B-2)

The solution to this equation for our boundary conditions (which are

d7
(1) at x - O, T = T2, and (2) at x = L, dx

- O) is:

_-Tf CX G(2L-X)
=L +e

2GL (B-3)
T2-Tf ! + e

where G is defined as the positive value of 4h__B •
kA
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The total heat transferred to the fluid ts equal to

L

QI = h (w)(R_-R_)(T 2 - Tf) + hB I (T- Tf)dx

o

% , y, • % + •

from base to fluld from walls to fluld

Substituting Equation B-3 in B-4 and integrating, we ootaln

(B-4)

ql " h - lt )(t 2 - Tf) I1 + 2 (e 2GL- 1!]
(R 3 - R2) G Le2GL + I

(B-5)

Thus, the walls of the drill transfer heat to the fluid in relation to

the base of the fluid channel, in the proportion

2 [+2°L(R 3 - R 2) G ,e-_T +

The total heat flow Q1 is equal to the flow upward through the matrix:

(T1 + T 2
QI = km _ (R25 - R2)o ,_! ) , or (B-6)

Q1M

T I - T2 -- 25 (B-7)('_)(.)(R - R2)
m o

Thus if the heat flowing upward into matrix is specified as W1, then

W I watts W1 Btu
= ¢B-8)

Qt = 0.293 watt-hr/Btu 0.293 hr

We can solve the above equations for T2:

W 1

:2 = Tf + [" 2GL
23 2 2 te - i]_[0.293][h][,_][R - R2] 1 + + 2GL

L (R3-R 2) G ,e + I

(B-9)
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and then for

W I M

TI = T2 ÷ (B-IO)
[0.29311kll,llr_ - e21o

T at any value of x has already been derived; once T2 Is known, T can be

determined from:

I,, :]r.0".,..°`.'--',][T = TI + , - T - Tf + T2L [ I+ •2°'_J - T [ cosh(CL) (s-11)

(In all three of these relatlonshlps, G is defined as the positive square

hB:. )
root of

Working in the Engllsh system of unlt_, and convertin_ our conduc-

tlvittes,

k (for Lockalloy) = 2.05 watt/cm-°C = 118.4 Btu/hr-ft-°F

k (for matrix) - 0.5 watt/cm-°C = 28.9 Btu/hr-_t-°F
m

F(,r our case (40-mi1Lockalloy walls):

R - 0.704 in * 0.0587 ft
o

RI = 0.794 in = 0.0662 ft

R2 = 0.834 in = 0.0695 ft

R3 = 0.910 in = 0.0758 ft

R4 = 0.950 In = 0.0792 ft

R$ = 0.990 in = 0.0825 ft

L = 1 to 5 feet

M - 0.167 in = 0.0139 ft

h = 10 to 1000 Btu/hr-ft2-°F

Tf = 390°F
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A . (3.1,2)(0.07922- o.07582÷0.0_52- 0.06_22,- 0.0030_,t2

018.4) (0.00306)

c. Results and Discussion

Solutlon of Equations B-9, IO and 11 using the above values leads to

the results shown in Figures 17, 18, and 19. In Figur,. 17, we have

plotted the temperature profile in the drill rod and matrix as a function

of heat flowing ioto the drill (_1) • The calculations wt. rt. carried out for

a heat transfer coefficient of 20 Btulhr ft 2 °F. This value is the lowest

expected for boiling heat transfer (evt.n under film-boilin_ conditions)

and is also a reasonable value for .onvectivt, heat flow by a water str_.am.

Note that for up to 700 watts flowin_ through the matrix, the' t_,mperature

drop is only abou _. iO0°F across tile matrix.

Figure 18 shows the efft.ct of hi.at transfer vo,.fficient i, _,,I tht.

temperature rise of the diamond-matrix surfact, for vario,_, hi, at input,,

to the drill. In Fig,ire lq wt. havt. _hown tht. fracti,,n of the. total h_.dt

input which is transferred to tht, coolin_ water by ti_,. walls of tht. drill

passages.

Equation B-9 gives some intcrt.sting inforr_ation rt._Jrdln_,,t,_. t.tf_.ct

of Lockalloy drill shaft length on hi-at transfer. The term:

2C,L
e - I

2c.L
e + I

(or tanh [(;,I.])

tonds toward an "a_ymptotic" value of l.O as GL incrt.ases, tiowt.v_'r, it

reaches a value of 0.999 at a value of C,L = 3._. If w_. ass_|m_, t.ven a
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value as low as I0 for h, G m (1._9 (f_) = 4,8h, If GL iS tO exceed

3.b, all that is required is that L exceed 3.6/4.86 ° 0.74 ft. Thus,

even for the worst value of h, a Lockalloy tube wall length of 9 inches

is as effective as a Lockalloy wall of infinite height (within one part

in a thousand) in transferring the heat to the cooli.,g water. At

larger values of h, even shorter walls become as effective as infinitely

long walls. This indicates that all the heat flo_'Ing throug' the matrix

is transferred to the cooling wat, r in a very short lent', along the

drill wall.

T = Tf ÷ iT 2 - Tf] [cosh(C,X) - sinh((.:.._ tanh((;L)]

As noted a_'o ,,_*, tALlh(C,L) will always he approximatt.lv eqnal to unity for

the system condittors we have chosen, so that

-GX

T _ Tf + iTs. - Tf] [cosh(C,X) - sinh((;X)] -- Tf + (1., - Tf) t,

Thus, (F - Tf) decays exponentlallv with (;.k, a:_,. _._ indt.pt, ndeilt of

I. as long as L exceeds a ft_w inches, a_ _ho_,'tl abovL'. i,,i_ L.xp_,nL.ntial

dL,cay in temperature along tht, dr;ll _¢._11 i_ .qi_own iT_ ti_.ur,. 17. Ii_,

above equations also sho_,,s the t. ffL, ct of tht. c,,olin_ flu:d tt.r_pt, raturt,.

A change in the cooling fluid temperature' changL.s ti_,. t_',v,p_'ratur_s in the

system by an equal amount.

Based upon this analysis, it is seen that with a modtst choice of

heat transfer coefficient of 20 Btu/hr ft 2 °F, 500 watt_ m_y he withdrawn

through the matrix before the dia_ond-matrix intt, rfnc_' tt.rnpt, raturt' reaches

lllO°F (6OO°C) and 750 watts may be withdrawn ht, for_, a t,,_pt, raturt, of

l_70°F (8OO°C) is reached.

_-t2)
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For these conditions, the values given above represent the maximum

heat that can be transferred through the matrix into the cooling water.

In the actual drlll system, this w/l] be diminished because of heat

input from the chips and the non-unlform heat dissipation of heat at the

dlamond-matrlx interface.

2. Beat Transfer Between the Diamonds and the Matrix

In the above analysls, the heat flowing into the matrix was

assumed to be uniformly distributed over the matrix area. This is

equivalent assuming that there is co difference in the diamond and

matrix temperatures. Because the actual distribution of heat Initlally

established in the chlpst solid rock, or diamonds is not kno_,n, we have

assumed several limiting conditions and calculated the effects on drill

temperatures.

The assumption that there is zero difference between the matli×

and diamond temperatures represents a conditi,m where all of the hP_t dissi

pated in the cutting zone is generated in the rock and chips. Then the

portion flowing through the matrix is t_ansfcrrcd by radiation and c_,n-

tact conduction from the rock and chips. Since the exposed diamond

area is only five per cent of the total face area, the effect of the

diamonds may be neglected for this mode of heat inpb: t_ the face.

Therefore, the diamond temperature, Td, is equal tv T} _s discussed l,L

Section V-B-|. The values obtained are the minimum diamond tem-

perature for a given fixed value of heat transferred into the matrix

and cooling systemp or, equivalently, the maximum heat flow for a given

diamond-matrix interface temperature.
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The upper If_.it for the diamond temperature may be caIcuIated by

assmin$ that a11 of the heat g I flows into the matrix through the dis-

moods. With this assumption, the temperature difference T d - T 2 is

greater than the difference Tl - T 2 for a uniform heat source on the

matrix face because the diamonds are a localized heat source and must

have locally higher temperature gradients.

We have used the following assumptions regardin_ the diamonds

and their moan, ins in the matrix:

1. The 78 face-set diamonds do all of the work in drilling and

transfer all of the heat to the matrix. The work and heat load are

shared equally by the 78 diaunonds. To the extent that OD and ID gauge

stones share the work and heat, _chanical loading and temperature of

the face diamonds will be reduced. Th_retore, this is a conservative

assumption.

2. The diamonds are at a unzlorm temperature through their

volume (effectively infinite thermal conductivity).

3. There is no heat flow resistance at the interface between

the diamonds and the matrix.

One estimate of the temperature difference Td - T2 may be based

on the model of a hemispherical source for heat flowing into a semi-

infinite body of matrix material (MacAdams 1951). For an assumed matrix

conductivity of 0.5 watt/cm°C and 78 diamonds sharing the heat flow in-

to the matrix (Wl), we _btain:
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wi= 1-_-_2Td " T2 78 x 217" k m r d
(B-14)

If we take r 2 as large compared to the radius of the diamond, then

T d - T 2 = 0.192 Wl
(B-15)

where T d - T 2 is in OF and W l is in watts.

For the case of uniform heat dissipation over the diamond-_atrix

interface (discussed in l, above)m we obtain the equation T d - T 3 =

0.155 W1. In an actual drill system, the surface at temperature T 3

must be closer to the source_ and the difference would bc less th3n

given by Equat£on B-14.

Although the ab _ equation is conservative for an array of

single diamonds, the diamonds i_I the bit _rc close L nough together that

their heat flows interact. The averagL d[stanc_ : _twucn diamonds in

the radial rows is 0.048 inch. To obtain a better appro×Lmation using

the diamonds as a source for heat flowing into the matri×j wc have takcn

a half-cylindrical surface with radius t_oal to the diamond radius r d

and length L e such that the area is equal to half the surface area of

four diamonds, the n_ximum number in a row. Using half the surface

area implies that half of the diamond protrudc_ from the matrix. In

reality, the diamonds will be deeper in the matrix wit_ slightly more

area available for heat flow which will lower the actual temperature

slightly.
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To determine the temperature difference resulting from heat flow

from a half-cylinder source at temperature T d to a plane at T2, we used

an analysis approximating the heat flow from a buried electrical cable

(Jakob, 1949). The analysis utilizes a fictitious sink image of the

source to establish heat flow lines perpendicular to the uniform tem-

perature plane that is the actual sink. The symmet_, of the source-

sink heat flow lines also shows that the result is valid for the half-

cylinder that we are considering.

Based on this analysis, using the same number of face diamends

in 19 rows and other properties as above, we obtain:

2
W r

Td " T2 = 19 x 47r k L
!11 e

(B- le)

cr

I d - T,. = 0_307 W I

where r 2 is t_e matrix thickn,:ss, and L_. is tn_ eq,_Iva1_-nt r,w len,:t::.

Compared t_, the' case of a unzf,,r,-, n_.:: _-.urc_ ,:1 in, - ::::.. f ,., ,

this is an increase of 98 per cent in the temperature rlse fr_r tht

fluid-matrix interlace to t_,e matrix-diamond inter[at=. ,Net= that th_

diamond temperature does not increase 98 per cent. The most Imp_,rtant

contribution to the diamond temperature comes from th_ bviling sid_

heat transfer, not from the matrix and diamond conductivity.

(B-I,j
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_e actual temperature of the diamonds should lle between the

two Iisiti_ cases of heat input uniformly to the matrix or all con-

centrated through the diamonds. Figure 20 shows the diamond temperatures

resulting from the rise in the matrix and tube wall and that due to

boiling for various heat transfer coefficients. The bands shown indi-

cate the diamond temperature range for each coefficient value plotted.

The water-eMetal heat transfer area and the matrix and tube vail

heat conduction areas appear to be sufficient to transfer the drill face

heat inputs over a wide range of operation. Whether or not the flov

annulus width (0.047 inch) in the present design is adequate to allow

sutficiently raptd steam-liquid phase separatLon is the most important

unresolved question. Water-steam phase separatlc_, in the annulus will

be enhanced by the centrifugal forces that will range approximately

from 40 to 160 times the locaI gravity force. Also, at the 220 psia

operating pressure, steam volume is only 110 times the initial water

volume rather than 1600 times as at 1 atmosphere pressure. Careful

design of these cooling passages is essentiai to provide required surface

heat transfer.

3. Heat Transfer Between Chips and the Diamonds

In the previous sections we have evaluated the range of

temperatures for the diamond-matrix interface as a functio_ of the

heat withdrawn to the cooling water and the boiling heat transfer

coefficient for saveral models. Before considering the over-all

drill system performance, we must first examine the heat flow between

the chips and the diamonds
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The difference in the tmperetures between the chips and the

diamonds may be evaluated in several ways depending upon the model

chosen to represent the ph)sical system in the drilling zone.

a. Nodel I, Complete Chip Nixing

If we assmme that there is complete nixing and good contact between

the chips and diamonds (or diamond-matrix interface), then the chips

and dlammld-matrlx interface should be ac the same temperature.

Because of the rapid rotation of the drill and the force exerted on

the chips by the drill, a small chip zone is expected and mixing of

the chips should be good. Thus the maxi:,lum diamond temperature will

be equal to the chip temperature. Any lesistance to heat flow

between the chips and diamonds will result in a lower operating

te:nperature of the diamonds.

b. Model 2, "StaRnant" Chip Boundary Layer

In the absence of actual experimental data, we may assume that a

"stagnant" boundary layer of chips is formed at the matrix-chip

interfece. The thickness of this layer i_ at most equal to the

dist_ncQ by which the diamonds protrude from the matrix. The temperature

difference between the chips and the diamond-matrix interface (T c - T I)

is given as:

W I '_X

T - T Ic = k A (B- 18)
Sc

where a X is the thickness of the la, er, k is the thermal conductivity
SC

of the chips in the boundary layer, A is the cutting zone area, and
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M1 18 the heat fie,, into the matrix as before. The thermal conductivity

of the hot chips in the boundary layer is difficult to evaluate; as an

approximation we have assumed that the conductivity is 1/2 that of

the solid rock or 0.012 wstt/cm °C. Uszng the dimensions given

previously and • chip boundary layer of 0.010", we obtain:

Tc - T 1 = 0.39 W1 (i-19)

where T c - T I is in oF and WI is in watts. Thus we see that a s_.ll

stagnant layer of chips provides a large resistance to heat flow.

For 500 watts flowing into the matrix, a temperature difference of

195°F is encountered across a chip boundary layer of 0.010".

c. Model 3. Radiation Heat Transfer

Another extreme model is one where heat is transferred between the

chips and the diamond-matrix interface only by radiation and no direct

conduction heat transfer occurs. For radiative transfer only, we

find that:

Ao (Tc/" " T1 t')

W1 = 1 + 1 (B-20)

where o Is the Stefan-Boltzman constant, Cc and cI are the

emlttances of the chip and matrix s_rfaces, respectively. From

Equstlon B-20, we may derive a relationship between (Tc - TI) T and* C

W I. gven if we assume that the chip and drill face surfaces have an

emlttance of unity, we find that very little heat can flow by radiation

from the chips to the matrix-diamond surface, unless there are larger
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temperature differences between the corresponding temperatures. Typical

values of the heat flow (gl) are shown in the table below for various

chiv temperatures and temperature dlffetences.

T_mperature Difference Between
.Chi_s and Dimsond-l_trix Interface

(Radiation Cooling Nodel)

Chi_Temoerature Heat Transfered to lqatrix

Tc W1 Tc - T 1

(_) (watts) (or)

3000 I00 120

3O00 2O0 26O

3000 500 850

3000 740 2610

..o .... -----

25OO 100 22O

250O 200 480

2500 3O0 910

2500 390 21 I0

20O0 100 400

2000 190 1610

Thus, we note that even at a high chip temperature of 3OO0°F only

740 watts could be transferred to thc diamond-matrix interface (even

if it were at cooling water temperature). If radiation heat exchange

were the only mechanlsm of heat transfer between the chips and the

face of the drill, the diamond temperatures would be very low and

the chip temperatures high.

The radiation exchange model is a rather unlikely case, since

there must be some contact between the hot chips and the drill face

(or between the diamonds and the chips). Models I and 2 probably

give a more reasonable estimate of the temperature difference

between the chips and the diamond-matrix interface.
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C. DBILL SYSTENOPERATING CONDITIONS

In Section V-&, we have calculated the average chip temperatures

as a function of drilling rate, rock properties and the amount of heat

which flows into the rock and chips (W2). These results were presented

in dimensionless form in Figure 14. In Section V-I, we have estimated

a range of diamond-matrix interface temperatures based upon the quantity

of beat flowing into the matrix and cooling water (WI). Because the

sum of WI and W2 must equal the total power dissipated in the system at

the drill face, the diamond-matrlx interface (or chip) temperatures must

come to a steady-state value which satisfies the equations developed in

Sections V-A and V-B. The following example will serve to illustrate

these points/ For :a heat transfer coefficient of 20 Btu/hr-tt 2, the zone

of dimnond matrix interface temperatures is shown as a function of WI on

Figure 21 (reproduced from FiRure 20). For a kerf width of 0.286" (0.727 cm)

used in the calculations for heat flow in the matrix, a drilling velocity

of 0.102 cm/sec. (2.4 in/min) and a rock diffusivity 0.O0892 cm2/sec,

we obtain a value of _ of 4.16. From Figure 14, the value of c CUTav/q

or equivalently ocAUTavlW2 = 0.86

thus:

0.86 W 2

Tav _ 0cUA

watt-sec
For c = 2.8

cm 3 ° c

we obtain:

0.86 (3000-w x)
. (c-l)

0cUA

2
• U - 0.102 cm/sec and A - 9.8 cm

Tar = .307 (3000-W I) (c-2)
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where Taw is in °C and WI is in watts, or:

Taw' = 0.553 (30OO-W I)

where T_v is in oF.

(C-3)

Here we have assumed that 3000 watts total power is required to

drill at 2.4 inlmin. Since T' is the average temperature of the
gv

chips (above the ambient temperature), the chip temperature 1. is 1.'
c av

- 40oF.

If we assume that the chip temperature is the same as the diamond-matrix

interface temperature, we may also show on Figure 2[ an operating line

for the matrlx-diamond interface. This line is labelled '_" and has a

negative slope as seen in Equation C-3. For Hodel 2, we have found that

Tc-T I - 0.39 Wl

Therefore, the matrix-diamond interface temperature TI is

- 0.39 WI ffi1'' - 40 - 0.39 W I1'I = 1'c av

= 0.553 (3000 - W1) o 0.39W 1 - 40

= 1620 .. .943 W1

This operating line is designated line B on Figure 21.

Summarizing these conditions, if 3UO0 watts total power is required

to drill at a rate of 2.4 in/min, the diamond-matrix interface temperature

is given by the following equations for the complete mixing model or the

"stagnant chip boundary layer model."

Model I 1. - 1620 - .553 W
I

Model 2 T - 1620 .943 W
l

I (Line A)

I (Line B)
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The zone between these operating lines Is a steady-state operating region

for the drill system. Other operating lines can he drawn depending

upon the total potmr required and the actual drilling rate. Thus, for

example, if it is found that a drilling rate of only 1.2 In/rain is pos-

sible with _g}O0 watts total input to the drill face, we obtain two new

operating lines for these models as:

Hodel I T I = 2790 - .942 WI (Line C)

Model 2 T1 = 2790 - 1,332 '41 (Line D)

The operating lines (or these drilling rates are also shown in

Figure 21 and the intersections L_f thece lines with those giving the

characteristics of the matrix-diamond interface based upon heat flow

into the matrix may be obtained. Thus, the shaded zones in Figure 21

indicate potential operating conditions for the models and operating

characteristics chosen. For exanlple, if a total power of 3000 watts

provided a drilling rate of 2.4 in/min, and a heat transfer coefficient

of 20 Btu/hr-ft 2 OF, an operating temperature of the diamonds may be

in the range of 1100 to 1300°F, depending owl the conditions at the

interface of the bit and the chips. When between /400 and 600 watts will

be supplied to the cocling water through the matrix, the chips will

carry away 2400 to 2600 watts. If the same power (3000 watts) is re-

quLred at the lower drilling rate of 1.2 in/min, the temperatures of

the diamond-matrix interface will be above l/OO°F in a range where the

diamonds may not be satisfactory.
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It wust be re-emphaslzed that the operating zones shown in Figure 21

do not take into account the heat flow from the chips to the drill wall

a|on 8 the flutes. & de_ailed examination of the effects of drill shaft

heattn8 by the chips requires a three dimensional heat transfer analysis

of the drlll systes near the cutting zone with complete specification

of the heat transfer and boillng taking place in the water filled annulus.

This analysis is beyond the scope of our present program. However, some

estimates of the effects of chip heating can be made. For example, if

we assume that radiation is the principal mechanism of heat transfer

from the chips to the drill shaft, the rate of cooling of chips for the

spiral mode of motion was given in Figure 16. The ._aximum heating

occurs in the first few inches of travel of the chips along the drill

shaft. In Section V-B it was shown that the heat from the matrix n_terial

was transferred into the cooling water within several inches of the drill

face. By superp_sition of the upward heat flow along the drill shaft

with the radial he_t flow into the shaft, we may t, stimate the increase

in the drill shaft temperature (and equ_valent|v in th__ diamond matrix

interface temperature) in the z_ne bvhind the drill face.

From Figure 16, at a drilling rate of 1.2 inche_ per minute, the

temperature of the chips decreases from abo_t |7|O_K t_, II6OL_K in the

first lO inches of travel along the shaft. The heat lost by the chips

is approximately 860 watts; if half of the heat lost is transferred tc_

the rock and half to the drill shaft, _30 watts fl,_w into the drill shaft

in this zone. The temperature difference between the drill shaft and

the cooling water required to transfer this amount of heat i_ given below

for several values of the heat transfer coefficient:
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h ___T..T

(Btu/hr ft 2 oF (oF)

IO 620

20 310

50 125

iO0 60

2OO 3O

For reasonably high values of the heat transfer coefficient, the

temperature ris_. of the drill shaft caused by chip heating is small

compared to the rise in temperature of the matrix-diamond int,,rface

temperature for an equivalent upward flow of heat. This is a re._ult

of the large heat transfer area of the drill shaft surface compared to

the small cross sectional area of the drill shaft through which heat

from the matrix must flow. For higher drillin_ rates, e._,,., 2.4 in/rain,

the effects of the chip heating will be smaller bt, cau,_t, tht, initial chip

temperature is considerably lower and the radl._ti,,n heat tran._ft.r from

the chips to the sh,lft would also be lowt. r. Tht. dl.trt.a._t, in radiation

heat transfer is offset by the larger vi_._ fact,,r , f tht drill shaft by

the chips; however, tht' L_urth power dci_ndtn_, ,.J th, _,tdtati_n hi, at

transfer on temperature should m,_re than compt.n._,ttt, f,,r the larger view

factor.

In the slug flow mode of chip transfer, heating of tht' drill shaft

by the chips will be significantly larger, s,, that higher shaft tempera-

tures would result. Experimental measurements will have to be carried

out on an operating system to establish the _,de of chip transfer an,_

evaluate drill shaft temperatures near the cutting zone. Drill burnout
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may be a problem if slug flow is predominant and high convection co-

efficients are not achieved near the drill face.

The effects of chip heating of the drill shaft are to increase the

level of the operating hines given in Figure 21. The increase is inversely

proportional to the convection coefficient. Furthermore, the slopes of

the operating lines also change, because as more heat is withdrawn from

the drill face into the cooling water, the initial chip temperature is

decreased and the heating of the drill shaft by the chips decreases.

These factors have the effect of moving the intersection zones shown in

Figure 21 slightly upward, dependin_ upon the drilling rate and the con-

vection coefficient. The over-all effect should not be large provided

the spiral mode of chip motion prvdominates.

The maximum effect of any stoppage of cooling water on the diamond-

matrix interface temperature can be inferred from tht. Intt,rsection ,,f

operating lines A and B or C and D with the ordinate f,,r zero powc_

flowing into the matrix.
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VI. YACT(NtS J_TECT1 _- DRILL

A. EFFE...._____OF OUTC,ASSII_ FROM flOCKS

Low pressure gas cond,ctances for flow fr,_m the hole bottom upward

past the drill were calculated for both molecular and viscous flow

regimes. The primary objective was to determine the gas pressure

resulting from autgassing of the volatile constituents of the rock at

the drilling zone. High gas pressures may significantly affect the

t. tfective thermal conductivity of the chips and lead to higher beat

transfer rates from the chips to the drill and surrounding rock.

]h,. combined gas conductances of the annul/ between the drill and the

hol,. and between the inn..r nd outer tubes were _. 145 x IO -2 iiters/sec

t,.r molecu:ar fh_' and 55.1 x I0 _ liters/_,.c for viscous flow (Dusnman.

11,. product aP i_ the controllin_ criterion for '_iscous or molecular

t l.,w. HL'r_" "a" is thL' characteristi( cross-sectional dimension, in

c,'ntim,'ters0 of the fl_ passa_L + and ._ is pressur_ in microns. Th( +

division betw(.en fl(_' regime,+ can b_, statt, d:

When aP .500, the flow is viscous.

Whel_ aP <5, the flou is molecular.
L.

When 5-aP <5000 the flow is in the transition range.

Based on the outer annulus width a = .127 cm, 39.4 x 10 -3 torr is

the maximum pressure for molecular flou and 3.94 torr is the minimum for

fu)ly-establishecl vlszous flow. Between these pressures is a transition

region with ,,ixed flow effects.
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We calculated the maximum gas release rate for molecular fl,_ and

the minimum gas release rate for viscous flc_ with the follc_uing

assumptions :

-10
1. Lunar atmospheric pressure is 10 torr.

2. Holecular weight of 16 is typical for probable gases encountered

(oxygen, nitrogen, rater vapor).

3. Drilllng rate is 2.4 inches per minute.

4. Density of lunar rock is 2.7 gram/cm 3.

Based on these assumptions, molecular flow will exist if the released

gas is less than 0.36 ppm by weight of the rock. If the gas release

exceeds 241 ppm or 0.024_ by weight of rock, viscous flow wil! be fully

established near the drill. These calculations suggest that gas pressure

of the order of l-lO torr may be present in the chips if volatiles are

present in the rock. In this pressure range, the conductivity of a powder

is increased significantly over that in ,racuu_.

Experlmen_al data on vapor generation during rock drilling (and

heating) and the effects of the vapor on heat transfer in a hot chip

system are required before the effect of rock outgassing on drill per-

formance can be fully evaluated.

B. CHEMICAL REACTIONS OF THE DRILL S¥STEH

The diamond drill consisting of diamonds imbedded in a tungsten

carbiue wlth Co (or Ni) or TiC-Co (or Ni) additives is not expected to

react to any significant extent with either the lunar rock or the cooling

water of the drill, if there should be a leak.
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To estimate the re_ctivity of these materials, we have assumed the

maximum operating temperature of the drill to be lO00°C. At this tempera-

ture, the silicate minerals, which are assumed to compose most of the

lunar rock, are extremely stable with respect to carbon reduction. A

single typical calculation will suffice to demonstrate the stability.

The reaction of carbon (or diamond) with sodium silicate:

C(c) + Na 2 SiO 3_ SiO 2 (c) + 2 Ni (c) + CO (g) (1)

has a free energy at lO00°C of + 51.& k cal/mole. This means that the

maximum rate of release of carbon monoxide during drilling would be

lt.ss than 1.5 x 10 -8 g/cm2-sec. Thi_ rate of release would correspond

to a maximum diamond recession rate of 1.83 x lO-8.cm/sec or about 0.5

mil over a 20 hour period of drilling.

If the drill should encounter water vdpor in drilling the lunar rock

,_r if some of the _ooling water accldentaliy comes in contact with the

diamond drillin_ elements, chemical reactions would be posslble. Blnford

apd Eryin8 (1956) studied the steam carbon reaction:

C (_) + H20 (g) - CO (R) + H2 (g) (2)

at temperatures of 900 - 1300°C and steam pressures of 1 - 40 u at I000°C,

the measured rate of reaction of carbon was 0.25 x 10-7 moles/cm 2 min,

Independent of pressL_re between 5 and 40 _. If diamond reacts at the

same rate as graphit, (an assumption that we shall examine further

below), then the rate of recession of the diamond drill elements at

lO00°C in tle presence of water vapor would be of the order of 3.& x I0 "

mils/mln or 0.04 mils over a 20 hour period.
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There have been very few experimental reaction rate studies on

diamonds. For.purposes of es_lamtion, it seems.reasonable to assume that

the upper limit of the rate of reaction of diamond will be given by

the rate of reaction of graphite under similar conditions. One reaction

that has been studied dlrectly on dt_ond is oxidation. Evans and

Phaal (1962) measured thp rate of oxidation of diamond at temperatures

of a range 650 - 1350°C and oxygen pressure of 0.2 torr to one atmosphere.

They found evidence for oxygen catalyzed graphltizatlon and shoved that

the rate of oxidation of diamond is controlled by the rate of oxidation

or the carbon layer which forms on the surface.

The carblde-metal composite matrix is also expected to be unreactlve

under the anticipated temperature conditions. Any loosenlng of the diamond

in the matrix Xs more likely to have a mechanical than a chemical cause.
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APPENDIX A

TD4PIERATUI_ DIS'Yi_IBUTION ()F AN INFINITE STRIP SOlaCE

IN A HOVING I_DIUH

Consider an tnfJntte strip heat source of uniform intensity (q units

of heat per unit length par unit time) and of width 2d, located at the

z - o plane as ahmm in Figure A-I. The surrounding medium, infinite in

extent, has m density O, a specific heat c, and a thermal conductivity

k, and it is moving with m uniform velocity U in the negative z direction.

Then it can be shown • that the temperature rtse of the medi-m over ambi-

ent temperatt_re is given by:

G

'I fcT (x', z') ..9--- • Ko ,2.÷ (x,._,)2 112 d_',0cU

-G

where x' and z' are normallzed coordinates given by:

x'  cux z' Dcuz
2k ' 2k '

Is a dimensionless parameter given by:

and K Is the Hankel functlon of order zero.
0

This expression slews that the temperature decreases exponentially

for positive values of g', i.e., thst we have an exponential boundary

layer in the posltlve • direction of thickness 2k/ocC. Furthermore, for

t

Thls integral can be formed from the formula of the aloe heat source
given by B. S. C4rslav and J. C. Jaeger, "Co_,duction of Heat In $olJds",

Oxford University Press, 1950, page 224.
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z' small and x' large, the asymptotic expansion of K° shows that there is

• n exponentialboundary layer in the x' direction (posltlve or nesatlve)

of the same thickness (2k/pcU). The existence of these steep boundary

layers lens that, if pcdU/k Is I or larger, only the part of the medium

which 18 within • distance 2d from the centerllne of the source is influ-

enced by the source for z > o; in other words, the medium outside this

region Is essentially st ambient temperature. It also mesns Chat each

element of the source of length of the order of 2d influences heavily

only the part of the medlum_Ich is near It. The implication of this

last statement is that, for a strip heat source which is bent in the xy

plane, the temperature rise in the medium within a d/stance 2d from the

centerllne of the source can be estimated accurately from the formula

of the strelsht strip source as long as the curvature of the bent source

is large as compared to d.

The temperature rise at z = o is given by:

If

T (x') ._L_,_cU I Ko (I x' - ._' I) dC

-cl

' o

K° (t') dr'

it can be shown by a simple transformation of varisbles that:

T (x') ---q-- [! (_ + x')! (_ - x')}
2_cU
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Whereae Eo to n tahulated__fu_ctiono I(t) is not. We have computed

l(t) by numerical integration using the trapezeldal rule and the values

of K given In Jshnke end Emde's "Tables of Functions". The results are
o

shown Xn Figure A-2. The accuracy is better than 5X.

With the curve of Figure k-2. the temperature rise on the plane of the

source can be computed for all values of x'.
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FIGURE A- 2 THE llh_l'Er"_ .,.. OF THE HANKEL FUNCTION OF

ORD v" ,.I_RO
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APPENDIX D

THERMAL CONTROL SUBSYSTEM DESIGN

The Westinghouse concept of the lunar drill requires a thermal control

system for the drill bit to prevent the destruction of the bit and to conserve

1
the integrity of the core sample. The thermal control concept is based on a

closed cycle Z-phase system 2 utilizing the latent heat of vaporization of water.

The analyses that led to the sizing and configuration of the system are as

follows:

D. 1 LINE SIZING OF COOLING SYSTEM

The first studies were made to determine the minimum line sizes required

using water vaporization cooling to remove _ kW of heat from the bit. Line

sizes hart. been determined for a number of possible _perating conditions

using a gravity flow system only.

The basic equations used to determine the lint. sizes are:

I. Q = _ D 2 V/4 -- 0.785 D2V ft3/sec

Q = quantity of flow (ft3/sec)

D = inside diameter of pipe (ft)

V = fluid velocity in pipe (ft/s(,c)

2. Reynolds No., NRE = dVD/v

d = fluid density (Ib/ft 3)

V = fluid velocity in pipe (ft/sec)

D = inside diameter of pipe (ft)

v = fluid viscosity (Ib/ft-sec)

I. pp. 3-149 of Westinghouse proposal "Development of a Lunar Drill System."

2. pp. _- 150 and p. B-29 of Westinghouse prop_sal "Development of a l.L_nar

Drill System. '_
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h =

I --"

V =

Head loss. h • fl VP-/Z g D

friction loss in pipe (ft of fluid)

length of pipe {ft}

fluid velocity in pipe (ft/sec)

D • inside diameter of pipe

g • gravity constant (32. 17 ft/sec_

f • friction factor - determined from Moody sra:_h of factors for flow

,, in pipe versus Reynolds numbers.

Minimum line sizes for a particular operating condition were determined

as follows:

a. Flow rates {Q in ft3/sec) were determined for a particular boiling

temperature at the drill bit.

b. Using this flow rate in equation (I) values of fluid velocity (V) were

d(.t(-rmined for numerous line diameters {D).

c. Reynolds numbers were determined from equation (2) for specific

values of fluid velocity and pipe diameter.

d. Friction factors were selected from the Moody graph for each specific

value of Reynolds number.

e. The head loss in the pipe was determined from equ.tion (3) assuming

a fixed value for pipe length (1). Values of fluid head loss determin_.d for th(.

steam line w, re converted to liquid water head loss values.

f. Values of head loss versus pipe diameter for both the water line

and the steam line were then plotted using 16.5 feet of head loss as a maxi-

mum. This figure was used as a maximum because it corresponds to 100

feet of liquid head on the moon.

By using the resulting two curves of liquid head loss versus pipe diameter

and with a maximum available liquid head of 16.5 feet. the. minimum total

cross-sectional area of both the water and steam lines can be determined.

Results of the above calculations for systems with specified operating

conditions are tabulated on the following page.
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COOLING SYSTEM CIRCUIT

l 2 3 4 5

ONE ONE TWO ONE TH RE E

LINE LINE I_INES LINE LINES

Boiling Temperature, eF 197 392 392 158 392

Boiling Pressure, PSIA 10.8 225 225 4.5 225

Condensing Temp., °F 158 390 390 150 390

Condensing Pr'es$, PSIA 4.5 220 220 3.7 220

Water" line equivalent 300 300 300 300 125*

length, ft.

Steam Line equivalent 300 300 300 300 125 '1'

ler'gth, It.

Water- line I.D. (in.) 0. 175 0. 153 0. 109 0. 104 0.082

Steam line I.D. (in.) 0.479 0.279 0.218 0.574 0.154

:'.: 125 feet of equivalent length were used in this case after it was d('t,'rmiz_ed

that shutoff valves in the drill r(;d sections could be ,.liminated. This is

explained later in this report.

As a result of the first efforts in determining minimum line sizing, it

became evident that a system operating nominally at _90°F w, ,hi result in

a system of less weight than one operating at a lox_er temperature. The. lint.

sizes would be smaller and contain less water. Th, th,.rmal radiat_,r (con-

denser) would be smaller and considerabi_ lighter since it would be operating

at a higher temperature.

At this point, it was decided to look at a three parallel line, high tempera-

ture (390°F) system, without shutoff valves in the drill r_,d secti()ns to see if

a weight savings might be realized. This meant that water in the lines would

be lost when adding drill rod sections. Since th(* weight of valw.s was (.sti-

n_ated at 5 pounds, the water lost in this typ,. of operation could not e×c,.-(.d

5 pounds.
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Elimtnatlon of the valves permitted calculations for line sizing to be done

using 125 feet of equivalent length for the lines instead of 300 fcet equivalent

length. The resulting head loss versus pipe diameter curves are shown in

figure D- I.

By using these curves and dividing the 16.5 feet of available head between

both the water lines and the steam lines, any number of pipe diameter combina-

tions may be used as long as their total head loss does not exceed the 16.5

feet. A minimum total pipe cross-sectional area is reached, however, when

the water lines are 0.08Z inches ID and the steam lines are 0. 154 inches ID.

In order to have a reasonable safety factor, it has been decided to use water

lines of about 0. I00 inches ID and steam lines of about 0. 200 inches ID. From

the curves, it can be seen that the piping head losses then become."

• Water lines head loss I. 2 ft

• Steam lines head loss 3.9 ft

• Total head loss 5. I ft

With 16.5 feet of head available, these line sizes become more than adequate

to ensure sufficient flow in a gravity feed system.

D. Z SYSTEM OPERATION

Operation of the cooling system is explained now with reference to figure

D-Z.

At the start of the drilling operation, the condenser portion of the system

is pressurized and separated from the drill rods and bit. These sections are

open to the vacuum atmosphere. Valves A, B, C, and D are closed.

a. Drill rod and bit section are connected to condenser portion for start

of drilling operation. Valve D is closed.

b. Valve A is opened charging water into drill rod and bit section.

c. Valve C is opened and the system is ready for drilling operations.

d. When new section of drill rod is required, valve A is closed, valve

B is opened and drilling continues with valves B and C open until water in the
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drill bit section of the system is evaporated. It bill =ollect in the condt.nser

section of the system.

c. All three valves will then be closed and drill bit section is vet.ted to

vacuum by opening valve D. The system is then separated to add a new st, c-

tion of drill rod. Water vapor left in the drill rod and bit section will be lost

to the vacuum atmosphere.

f. The above procedure will be repeated as necessar_ to reach the de-

sired drill clepth of 100 feet.

If the water and steam line diameters are respt'ctively 0. 100 inch and

0. 200 i:.ch and drill rcd section_ art. 5 feet lorg, thL. total am,-,,mt of _,tt,r

lost to the vacuum atmosphere when drilling to a depth of 100 ft-t.t bill IH.

approximately 0.67 poand. This figure includes both tb,,' _v,'ight of -_t, :n: i'.

all of the vertical lines and the weight of water that might rt, n_ain in tht. drill bit.

D. ¢ BOII.ING SURFACE AREA ttF_QUIRED

S_,m,. _.xplanation of tiae physical laws of heat transter thrc.a_h b,_ilim"

watt. r must !), madl, in ordt, r to justify the amoul_t ot hi'lit trai'l_I't I _url¢t, ,

rt.quir,(i. Fi_ul't D-3 shox_s tht. characteristics oI <. h,.at trans',t.: , _,p,tbi:.itx

of a ht att.(i surfact in _,,nta_t with water at atnto_,.)b.t, ri, prt_._ur, .

Z,,m" A. t,, l_ F" - This is the" s_>-called ct,lxvt,ct:._Ii ,,, tin,_' z,.i,, . !:, _';.._

tak, s pla_ _ in tht, hi.art,< xk_it( r at so)nat point a_ax tr.:: tk, s_:r:_. , .

Z,,:xt 1_. lrtJII, 15:F to 45:I'" - Thi_ is th,. nucltc_tt t.,_,,',;1,__ ,,,1._ }.. :, .:.-

dividual bubbles of vapor are formt.d at the hot surface., brva;: a'._a', ,:n< t:.,_, i

upward through the water t_ the atmosphert.

Zone C, from 45°F t9 approximately 440_F - Thi_ is a tra,asiti,,n zonv

where im r_.asing the temperature, of the heated surface a, tuailv rt.ducvs th_

amount oi ht. at transferred. In this area, the vapor part_all.v lnsuiatt._ tht

heated surface from tht. water until about 44(,*F is reach,_! _r; :!:, k ,t st::-::_<,.

At this point the surface becomes completely covt. rod ,a _th ;.. sh_.<,tk _,: ,, _::, r

and a!'. };, at transfvr is throu_:',, this vapor barrit r.
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Zone D, of 440"F and above - This is the film vaporization and heat transfer

increased until at about 18"F the previous maximum heat transfer rate is

again reached.

In cooling of the drill bit, temperature of the diamonds cannot be permitted

to exceed 800"C (1472"F}; therefore, heat transfer by boiling must be accom-

plished below the critical temperature difference of 45"F. The amot, r.t of

heated surface required in the drill bit must be selected based on the forced

convection curve in figure D-3 rather than the free convection curve. The

practical limit of heat flux from this curve indicates a maximum of I00. 000

Btu/hr ft 2 and for this system a limit of 85,000 Btu/hr ft 2 was used. For a

3-kW heat dissipation, approximately 17.5 square inches of boiling surface

area would be required. _)roportionallyless surface would be required for

lesser heat dissipation.

D. 4 PROBABLE COOLING LOAD

At the time of writing the proposal, it was assumed that all of the 5 kW of

power available was used with 60-percent overall efficiency. This mtans

kW of heat must be dissipated at the drill bit when all other losses are neglect,.d.

From curves of drill penetration rate. thrust, torque and rprn for granite

as shown in the Westinghouse proposal, it appeared that % kW of h,,et dissipa-

tion in the drill bit might be unrealistic. For -,xamph.. the. arr.ount uf powt. r

being dissipated in a typical bit. drilling through gramt_: at !.,' inches re'in

and 500 rpm with an axial thrust of 400 pounds, is about 425 watts. Based

on this information, it appeared that a bit cooling system capabh, of dissipating

I kW would be adequate. A breadboard therrr.al control system was designed

and tested _o determine the feasibility of a l-kW cooling systern. The testing

was successful.
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A PPENDIX E

THERMAL CONTROL SYSTEM FEASIBILITY TEST

E. I GENERAL

The purpose of the thermal control test was twofold; first, to show that

the thermal control manifold concept could remove a specified minimum

amount of heat. and secondly, that the coolant passages were sized so that

a vapor lock condition could be avoided.

This test was conducted at the Westinghouse Aerospace Test Laboratory.

A drawing of the drill bit blank used in this test is shown in figure E-I. The

major modification of this blank from the pr,evious blanks is the length. A

photograph of the test setup is shown in figure E-_. The apparatus was en-

closed in a plywood box filled with loose insulation to minimize heat losses

to the room.

Heat was applied from an electrical resistance heater wrappt.d around the

bit blank. Removal of heat from the system was accomplished through a water

cooled condenser at which point the amount of heat removed was n_casurcd.

In the tests, it was neccssary to apply i,420 watts to the drill bit bl_nk in

order to measure over 1,000 watts being removed at the water cooled con-

denser at the steady state condition. Approuimately 400 watts w_,rc dissipated

from the test setup to ambient room air. Therrnocouples were mounted on

the outer surfaces of the insulated enclosure around the system and the bit

blank. This allowed the calculation of heat lost through the insulation. Cal-

culations are shown in paragraph E. 2.2 of this appendix, with the resulting

heat exchanged and system lossc_ summarized in table E-1.

E-I
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I.III
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FiRure E-I. Thermal Control Test Bit Without Matrix



Figure E-Z. Thermal Control Test Setup
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TABLE E- 1

THERMAL CONTROL TEST RESULTS

LOCAI_ON

lloll_ Ibur|ito _1 drll! hi! blank

lnnlr Omll_n411 Iurll_l d drill 1311IdlIrIk

Inr0_r lNII.rnQl lurlac:e o41 drlll 1311bhltd,_
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The test system was initially designed to remove I kW from the bit blank

when operating at a maximum pressure of 210 psig and a maximum tempera-

ture of 390"F. To expedite the test, off-the-shelf hardware was used in con-

struction. As a result, the lines and condenser were oversized and resulted

in the removal of I kW with the system operating at 53 psig and 300"F. This

difference in operating points does not effect the validity of the tests since

the addition of I kilowatt into the bit did not cause superheating of the coolant.

A tabulation of the test results appears in table E- I describing the heat

dissipation as well as thermocouple location and recordings. The following

sections show the calculation of heat dissipation.

E. Z THERMAL CONTROL TEST RESULTS

E. 2. l Calculation of Watts Output

(cc/rnin x 0.002L0 lb/tcc) (enthalpy chan_e of water B/lb} : watts
0.0569 B/rain watt _ _ i_

Reading Number 1

(Z5.0) (0.00_20) (1099.7)/0.0569 = 1062 watt,

Reading Numbt.r 2

(Z4.7) (0.OOLLO) 11098.7)/0. 0569 --

Reading Number 3

(L4.7) (0. 002L0) (1115.0)/0.0569 :

Reading Number 4

(24.0) (0.002Z0) (1115. 3)/0. 0569 =

Reading Number 5*

(2Z. 3) (0.00Zi_0) (1117.4)/0.0569 =

1048 watts

1066 watts

1037 watts

963 watt s

On reading number 5. the line pressure on cooling water entering the

condenser was fluctuating. The flow .meter was indicating a h. sser flow

a!though no adjustment had been made. The lower wattage output

calculated was due to thermal inertia that prevented the cooling water

temperatures to adjust fast enough.
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E. 2. Z .C_Icutstion d....... Bit Injulatiem Loss in Watts

Q :-(bc :_hr)-A a t -

watts = Q/$.41S B/Hr watt

hc ÷ hr • heat transfer coefficient

A ":-.:,_!:_e_e area
•..-_..'j'_?._.__::? ;_i_',._: •

A t ...._.• ,&imTer_re difference

^ --- _,,,)1,.)/,_,. ,.96ft'-
h_÷hr:._z,_./_r- "-- -,' ._ _o,.,_o.r ,,t (,arksp.. 3V_)

Reading Number I

watts " (_-, 40) (1. 96)(151)/3. 415 = Z08wattJ

Reading Number Z

watts --" (2.40) (1.96)(152)13,415 = ZI0 watts

Reading Number 3

watts = (2.40) (I.96)(155)13.415 = Zl4watts

Reading Number 4

watts = (Z.40) (1.96)(156.6)13. 415 = Z16 watts

Rcading Number 5

watts : (Z.40) (1.96)(158.4)13.415 -- Zl8watts

The thermocouple on the bit insulation was taped on with masking tape and

indicated about _ZS'F. This was probably high because of the tape. Th(-

insulation was never too hot to lay your hand on it. ZOO watts loss therefore

is probably somewhat high.

E. _. 3 Calculation of Heat Loss From Top of Box

watts = UA_t/$. 415 B/}ir watt

watts = 4, 63 &t

U = 1.64 B/hr ft_'F

^ ffi (z. oo) (4.81) : 9.6_ ft z

Reading Number I

watts : (4.63)(I0.8) : 50.0watts
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L_ II I --

watts • (4.65)(9.9) • 45.8 watts
• _ _. , ......

Reading Nurnbe_rl_: ;_I_ _ ....

Reading Numbs r __i_ii.• -_

watts • (4. 65) _|0._) _ '30.0 watts

The thermocouple Wa! located in the middle of the top of the box and

would indicate a temperature higher than the average for the top. The above

wattage loss figures are higher than the actual losses.

E. 2.4 Calculation of Heat Loss From Sides of Box

watts = UA&t/3.415 B/Hr watt

watts = 18.6 _t

U = 1.47 B/hr ft z "F

A = 43. _ ft 2

Reading Number I

watts = (18.6) (9.0) = 167.5 watts

Reading Number

watts = (18.6)(7._) = 134watts

Reading Number

watts - (IS.6)(7. Z) = l_4watts

Reading Number 4

watts = (18.6)(g.I) = I51watts

Reading Number

watts = (18.6) (8. I) - 151 watts

The thermocouple was located in the middle of the side of the box and would

indicate a temperature higher than the average for the sides. The above

wattage loss figures are higher than the actual losses.
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E.Z.§ Calc_ of Heat Losses From Bottom of Ba_

No temperature measurements m_le. however, the "U" factor for the

bottom would I_ 1.09 B/hr ft _" "F. Assume surface temperature 7"F above

.'. watts - (1.09) (9.62) (7)/3.415 = 21.4 watts


